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Abstract

Primary human cardiomyocytes are difficult to obtain and maintain in vitro,
which has been a major obstacle in cardiac research. For this reason,
cardiomyocytes differentiated from human embryonic stem cells have been used
as a source of cardiac cells in spite of the ethical issues related to the usage of
embryos. However, human induced pluripotent stem (iPS) cells have introduced
a novel platform for disease modeling, drug testing and diagnostics because
human iPS cells can proliferate and self-renew or, alternatively, differentiate
into any cell type in the human body, including cardiomyocytes. In addition, iPS
cells can be generated from any individual, which enables the establishment of
disease- and patient-specific cardiac models, the design of individualized
medications and, possibly in the future, the applications to regenerative
medicine.

Long QT syndrome (LQTS) is a cardiac disorder that can be either
congenital or acquired. The syndrome is characterized by abnormalities in an
electrocardiogram (ECG) and an increased risk of developing life-threatening
ventricular arrhythmia. The estimated clinical prevalence of LQTS worldwide is
between 1:5 000 and 1:10 000, but the increasing identification of asymptomatic
mutation carriers indicate that the genetic prevalence may be much higher. In
Finland, one out of every 250 people is known to be a carrier of a mutation
related to LQTS. Acquired LQTS is the most common severe side effect of
medications and one of the most common reasons for the withdrawal of drugs
already on the market. Carriers of LQTS-related mutations are thought to be
more vulnerable to the adverse effects of different drugs compared to the
general population.

In the studies presented in this thesis, iPS cells were generated from skin
fibroblasts acquired from patients with LQTS, and these iPS cells were

differentiated into cardiomyocytes. The LQTS-specific cardiac myocytes



reproduced the disease phenotype in vitro with a prolonged repolarization time.
The LQTS phenotype was detected using the patch clamp -technique and Ca*'-
imaging and by analyzing the mechanical behavior of the beating
cardiomyocytes. In addition, different phenotypes caused by different mutations
were distinguished using these three methods. The analysis of the mechanical
properties of single cardiomyocytes based on video recordings introduced a
novel method for characterizing cardiac myocytes that could be used for cardiac
research together with electrophysiological techniques and methods based on

detecting the ion concentrations in the cells.



Tiivistelma

IThmisen sydéinsolujen tutkimus on ollut haastavaa, koska sydénlihassoluja on
vaikea sekd saada ettd kasvattaa soluviljelyolosuhteissa. Alkion kantasoluista
erilaistettuja sydénlihassoluja onkin kéytetty sydéantutkimuksessa, vaikka
alkioiden kayttoon liittyykin eettisid kysymyksid. Uudelleen ohjelmoidut,
erittdin monikykyiset kantasolut (iPS-solut, engl. induced pluripotent stem cells)
ovat kuitenkin luoneet mahdollisuuksia aivan uudenlaiselle sairauksien
tutkimiselle ja diagnosoinnille seki ladketutkimukselle ja -testaukselle. [hmisen
iPS-solut nimittdin lisdéntyvét periaatteessa loputtomasti in vifro ja niitd
voidaan erilaistaa miksi tahansa ihmisen solutyypiksi, myos sydéanlihassoluiksi.
Lisdksi iPS-soluja voidaan uudelleen ohjelmoida kenen tahansa soluista. Tdma
mahdollistaa potilas- ja tautispesifisten syddnsolumallien perustamisen,
potilaskohtaisen ladkityksen ja hoidon suunnitelemisen sekd mahdollisesti
tulevaisuudessa myds kantasoluihin ja kantasolusovelluksiin perustuvien
hoitojen kehittdmisen.

Pitkd QT oireyhtymé (LQTS, engl. long QT syndrome) on sydénsairaus,
joka voi olla joko perinnéllinen tai hankittu eli jonkin ulkoisen tekijén, kuten
ladkkeen aiheuttama. Sairaus havaitaan potilaan sydidnsidhkokéyristd (EKQ), ja
LQTS-potalaalla on kohonnut riski saada kammioperdisid, hengenvaarallisia
rytmihdiriditd. LQTS:n maailmanlaajuisen kliinisen esiintyvyyden on arvioitu
olevan 1:10 000 - 1:5 000, mutta todenndkdisesti sairauden geneettinen
esiintyvyys on huomattavasti suurempi. Suomessa LQTS:lle altistavan
mutaation kantajia tiedetddn olevan jopa 1:250. LQTS on yleisin, vakava
ladkkeiden aiheuttama sivuvaikutus ja myds yksi yleisimmistd syistd, joiden
vuoksi lddkkeitd joudutaan vetdmiin pois markkinoilta. On myos arveltu, etti
kyseiset lddkevaikutukset olisivat vakavampia henkil6illd, jokta kantavat

LQTS:lle altistavaa mutaatiota.



Tama viitoskirjatutkimus esittelee iPS-solulinjoja, jotka tehtiin LQTS-
potilaiden ihon fibroblasteista ja erilaistettiin sydénlihassoluiksi. LQTS:n
fenotyyppi voitiin havaita ndissd sydédnlihasoluissa pidentyneend repolarisaatio-
aikana. Havaitsemiseen kdytetyt menetelmét olivat patch clamp -tekniikka ja
Ca’"-kuvantaminen sekid videonauhoituksiin perustuva solujen mekaanisen
toiminnan analysointi. My0s eri mutaatioden aiheuttamat erilaiset fenotyypit
voitiin ~ erottaa  kaikilla ndilldi kolmella menetelmalld.  Yksittdisten
sydénlihassolujen sykkeen mekaanisten ominaisuuksien analysointi on tdysin
uusi tapa madrittdd ndiden solujen ominaisuuksia ja kyseistd menetelmiid
voidaan kéyttdd yhdessd perinteisten elektrofysiologisten- ja ionien

pitoisuuksiin perustuvien menetelmien kanssa.
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1. Introduction

Human induced pluripotent stem (iPS) cells offer tremendous opportunities for
cardiac research. Primary human cardiomyocytes are difficult to both obtain and
maintain because obtaining a myocardial biopsy is a high-risk procedure and
because primary cardiac myocytes tend to dedifferentiate and stop beating in
cell culture conditions relatively quickly (Mitcheson et al, 1996). Human iPS
cells, on the other hand, are pluripotent cells; they can be differentiated into any
cell type in the human body, including cardiomyocytes (Zhang et al, 2009). The
development of iPS cell technology has created many expectations for disease
modeling and drug testing in human cardiomyocytes, as well as for new
therapeutic possibilities for cardiac diseases. The use of iPS cells in clinical
applications still needs to overcome various obstacles, but cardiac disease
models using iPS cell technology have been established by various research
groups (Bellin et al, 2013; Carvajal-Vergara et al, 2010; Caspi et al, 2013; Davis
et al, 2012; Di Pasquale et al, 2013; Egashira et al, 2012; Fatima et al, 2011; Ho
et al, 2011; Huang et al, 2011; Itzhaki et al, 2011; Itzhaki et al, 2012; Jung et al,
2012; Kim et al, 2013; Kujala et al, 2012; Lahti et al, 2012; Lan et al, 2013; Ma
et al, 2013; Malan et al, 2011; Matsa et al, 2011; Moretti et al, 2010; Novak et
al, 2012; Siu et al, 2012; Sun et al, 2012 Terrenoire et al, 2013; Yazawa et al,
2011). In addition, some promising results have been published on
pharmacological testing with cardiomyocytes derived from iPS cells (Tanaka et
al, 2009; Yokoo et al, 2009). More recently, also iPS cell -derived
cardiomyocytes with genetic cardiac disorder have been used for
pharmacological testing (Terrenoire et al, 2013).

Traditionally, pharmacological development and preclinical drug testing
have utilized animal models and transiently transfected non-cardiac cells
expressing cardiac ion channels (ICH, 2005). Unfortunately, these platforms do

not provide an appropriate cellular environment that reliably reproduces the
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correct responses of human cardiac myocytes. Some regulatory mechanisms in
human cardiomyocytes that influence the responses to different internal or
external stimuli may exist, and these mechanisms are most likely absent in non-
cardiac cells. Also, cardiac regulatory systems may vary among different
species, which makes animal models unreliable set-ups for human cardiac
research. The usage of cardiac myocytes derived from human iPS cells offers a
clear advantage over these traditional systems, although iPS cell -derived
cardiomyocytes are not optimal either. Instead, the use of iPS cell -derived
cardiomyocytes as reliable models for cardiac diseases or for drug testing still
confronts issues related to the fact that these cells are quite different from
primary human cardiomyocytes. In addition, the conditions in two dimensional
cell culture are very different from those in a complete functional organ, such as
the heart. The suitability and limitations of iPS cell -derived cardiomyocytes for
cardiac disease modeling and drug testing are extensively reviewed by Sari¢ and
colleagues recently (Sari¢ et al, 2013). Nevertheless, the cellular milieu in the
human iPS cell -derived cardiomyocytes resembles that of primary human
cardiac cells which makes them more reliable model for human heart than non-
cardiac cells or animal models.

The objective of the present thesis was to evaluate the characteristics of
established iPS cell lines and their differentiation into cardiomyocytes.
Furthermore, long QT syndrome (LQTS) -specific cardiomyocytes derived from
iPS cells were evaluated as in vitro models for LQTS by various methods based
on the -electrophysiology of these cells, the measurement of calcium
concentration in these cardiac myocytes and also on the evaluation of the

mechanical beating properties of the LQTS-specific cardiomyocytes.

24



2. Review of the literature

2.1. Stem cells

2.1.1. Hierarchy of stem cells

Stem cells are defined as undifferentiated cells that are able to divide and self-
renew indefinitely or, alternatively, to differentiate into specialized cell types.
This means that stem cells are capable of both symmetrical cell division that
produces two identical copies of the original cell and asymmetrical cell division
that results in a cell that resembles the original cell and another cell that begins
to differentiate along a certain pathway. (Wolpert et al, 2007.)

Along the process of stem cell development, the cells tend to gradually
lose their differentiation capacity. A fertilized egg is considered totipotent,
which means that it can form all the cell types of a developing organism and the
extraembryonic structures, such as the placenta, umbilical cord and fetal
membranes. During mammalian embryogenesis, totipotent cells are found in the
embryo until it reaches the eight-cell morula stage, after which all the cells are
specialized and committed to either constitute the extraembryonic elements or
form an entire organism but no extraembryonic tissue. The stem cells that can
form all the three germ layers of an embryo, namely the ecto-, endo- and
mesoderm, and differentiate into any cell type in an organism are called
pluripotent. These pluripotent stem cells form the inner cell mass of the embryo
(Figure 1). (Wolpert et al, 2007; Yamanaka et al, 2008.)

During the development of an embryo, pluripotent stem cells gradually
differentiate toward a special cell type or lineage. At the same time, the cells
lose their capacity to differentiate toward an alternative lineage. Multipotent
stem cells have limited differentiation capacity and can produce only a few
different types of cells. Usually, the possible cell types are the ones that can be

found in the same tissue where the stem cells reside. Consequently, multipotent
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stem cells are also called tissue specific stem cells, and these cells can be found
not only in embryos and fetuses but also in adult tissues. Mesenchymal stem
cells (MSCs) are an example of a multipotent stem cells. Human MSCs are
present in the bone marrow and also in some other tissues, such as the
periosteum, trabecular bone, adipose tissue, synovium, skeletal muscle and
deciduous teeth, and MSCs can differentiate to form the cells of the connective
tissue lineages, including osteoblasts, adipocytes, chondrocytes and myocytes
(for a review, see Barry & Murphy, 2004; Kassem 2004).

Finally, the stem cells that are able to differentiate into only one type of
cell are called unipotent or precursor cells. For example, keratinocytes in the
mammalian skin mature from unipotent stem cells that reside in the stratum
basale, the deepest layer of the epidermis (Wolpert et al, 2007; Yamanaka et al,
2008.). The classification of different stem cells is illustrated in Figure 1.

Traditionally, the development and hierarchy of stem cells are thought
to follow a pathway of decreasing differentiation capacity as described above.
Also, long it was considered as a fact, that differentiation is a one-way pathway:
a cell that has differentiated toward a certain group of cell types has
permanently lost the capacity to become a member of another group (Figure 2).
However, this theory changed radically in 2006 when induced pluripotent stem
(iPS) cells using mouse as a model organism were introduced (Takahashi &
Yamanaka, 2006). In 2007, human iPS cells were reported (Takahashi et al
2007; Yu et al, 2007) and provided further evidence that somatic cells can

dedifferentiate into stem cells.
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Figure 1. Classification of human stem cells. A fertilized egg and the first eight cells in an embryo are
called totipotent; these cells can form the entire human being as well as the extraembryonic
structures. Pluripotent stem cells can be isolated from the inner cell mass of an embryo. These cells
are able to differentiate into any human cell type, but they are not able to form the extraembryonic
structures. Multipotent stem cells have limited differentiation capacity compared to pluripotent stem
cells, and unipotent stem cells are able to differentiate into only one type of cell. Multipotent and
unipotent stem cells can be found in fetuses as well as in adult tissues. Mesenchymal stem cells
(MSCs) are described as an example of multipotent stem cells, which can differentiate into
osteoblasts, adipocytes and chondrocytes. Unipotent precursor cells of skin keratinocytes reside in the
stratum basale.

2.1.2. Human induced pluripotent stem cells

The introduction of induced pluripotent stem (iPS) cells was a revolutionary
event for the entire scientific community, although some preceding work had
been conducted earlier. For example, cloning techniques that used somatic cell
nuclear transplantation (SCNT) (Briggs & King, 1952; Gurdon, 1962; Wilmut et
al, 1997), the observation that changes in the gene expression of somatic cells
are able to change the entire identity of the cell (Davis et al, 1987) and the first

derivations of embryonic stem (ES) cell lines (Evans & Kaufman, 1981;
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Notarianni et al, 1991; Moreadith & Graves, 1992; Thomson et al, 1995;

Thomson et al, 1998) served as stepping stones for iPS cell production.

Figure 2. The model for the differentiation of a stem cell presented by Conrad Waddington (1957).
Waddington’s landscape illustrates how a pluripotent stem cell becomes more determined during
development and that the capacity of a cell to differentiate toward an alternative destination decreases
during the determination process. The stem cell is demonstrated as a ball that is rolling down the
landscape and making its way through different valleys and elevations toward different end points.
The end points represent mature differentiated cells. (Waddington, 1957)

2.1.2.1. Generation of induced pluripotent stem cells

In 2006, the generation of iPS cells was first published (Takahashi &
Yamanaka, 2006). This study used mouse embryonic fibroblasts where certain
pluripotency genes (Oct4, Sox2, c-Myc and KIf4) were inserted using retroviral
transfections. Oct4 is an abbreviation for octamer-binding transcription factor 4,
and this protein is also known as POUSF1 (POU domain, class 5, transcription
factor 1). Oct4 is a transcription factor that binds to a certain regulatory region
(5’-ATGCAAAT-3’) in various genes that are involved in self-renewal and
differentiation (Verrijzer et al, 1990). Oct4 is required for the formation of the
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inner cell mass in an embryo (Nichols et al, 1998) and maintaining the
pluripotency in ES cells (Hay et al, 2004; Wang & Dai, 2010). Sox2 (sex
determining region Y-box 2) is also a transcription factor that is essential for the
development of an embryo (Avilion et al, 2003), and it co-operates with Oct4 to
regulate the expression of other various pluripotency genes (Chew et al, 2005).
c-Myc is an abbreviation for the myelocytomatosis viral oncogene homolog that
is known to up-regulate the expression of many genes, some of which are
involved in cell proliferation. c-Myc promotes the maintenance of ES
pluripotency via leukemia inhibitory factor (LIF) and signal transducer and
activator of transcription 3 (STAT3) (Cartwright et al, 2005). c-Myc may also
induce histone acetylation, allowing Oct4 and Sox2 to bind to their specific loci
(Fernandez et al, 2003). K14 represents for Kruppel-like factor 4, is an indicator
of the pluripotent capacity of stem cells and is required for example for the left-
right asymmetry of an embryo (Lai et al, 2011). Klf4 is also known to down-
regulate the expression of the pS3 tumor suppressor gene, which on the other
hand represses the expression of Nanog (Rowland et al, 2005), another
important pluripotency factor (addressed later).

In 2007, the first human iPS cells were introduced to the public by two
different groups (Takahashi et al, 2007; Yu et al, 2007). One of these studies
(Takahashi et al, 2007) utilized the same retroviral transfection method that was
used for reprogramming the mouse embryonic fibroblasts (Takahashi &
Yamanaka, 2006), while in the other study (Yu et al, 2007), lentiviruses were
used for the delivery of the reprogramming factors. In both studies, the starting
material was adult skin fibroblasts. The combinations of transgenes were either
OCT4, SOX2, c-MYC and KLF4 (Takahashi et al, 2007) or in the other work
OCT4, SOX2, NANOG and LIN28 (Yu et al, 2007) (Table 1). Nanog is yet
another transcription factor that is known to be involved in the self-renewal of

ES cells. The expression of Nanog is regulated by Oct4 and Sox2 (Rodda et al,
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2005), and Nanog is known to aid the maintenance of the undifferentiated state
of ES cells by inhibiting bone morphogenetic protein (BMP) -signaling (Suzuki
et al, 2006). Lin28 encodes a microRNA-binding protein and has been shown to,
for example, up-regulate Oct4 expression (Qiu et al, 2010; Thornton & Gregory,
2012). It also has been proposed that Lin28 has an important role in
nucleologenesis during early embryonic development (Vogt et al, 2013).

Some variations in these four factor combinations are possible to use for
successful reprogramming (Lai et al, 2011), and combining all six factors,
OCT4, SOX2, c-MYC, KLF4, NANOG and LIN28, has been shown to increase
the reprogramming efficiency (Liao et al, 2008). On the other hand, all the
reprogramming factors can be replaced with another factor or even with a
chemical or small molecule (for a review, see Walia et al, 2012). Methods to
reduce the number of reprogramming factors have taken advantage of
endogenously expressed genes, consequently decreasing the need for ectopic
expression of pluripotency factors (Lai et al, 2011). The differential gene
expression pattern in different cell types results in an unequal need for the
exogenous reprogramming factors; therefore, in some cells, one of the factors
can be excluded, but in some other cell type, this same factor is essential for
reprogramming. For example, OCT4 alone can convert human neural stem cells
into iPS cells (Kim et al, 2009). Also, c-MYC can be excluded when human
fibroblasts are reprogrammed because these cells endogenously express c-Myc
(Nakagawa et al, 2008). Nevertheless, omitting one or more of the factors
usually affects the reprogramming efficiency (Lai et al, 2011). Different

reprogramming factors are summarized in Table 1.
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Table 1. Reprogramming factors (modified from Walia et al, 2012). Abbreviations included in the table:
HDAC = histone deacetylase; p53 = protein 53 or tumor protein 53; Lefty1 = left-right determination
factor 1; let-7 = miRNA precursor; miRNA = microRNA; Oct4 = octamer binding transcription factor 4;
H2A = histone 2 A; BMP = bone morphogenetic protein; SMAD1 = an intracellular protein involved in
TGF-B-signaling; TGF-B = transforming growth factor §; Sox2 = sex determining region Y-box 2; FGF4
= fibroblast growth factor 4; and Utf1 = undifferentiated embryonic cell transcription factor 1.

Factor Interacting Target genes / pathways
domain
c-Myc E boxes HDACSs, p53
Kif4 Zinc finger p53, Nanog, Lefty1
Lin28 Cold shock let-7, miRNA, various mRNAs including Oct4 and H2A
Nanog Homeobox BMP pathway via SMAD1, Nanog, Oct4, Sox2
Oct4 POU domain Oct4, Nanog, FGF4, Utf1, Sox2
Sox2 HMG domain Oct4, Sox2, Nanog, FGF4, Utf1

2.1.2.2. The cells and delivery methods used for the

production of induced pluripotent stem cells
The first human iPS cells were generated from dermal fibroblasts but after that,
numerous different cell types have been successfully reprogrammed into human
iPS cells. Keratinocytes (Aasen et al, 2008), neural stem or progenitor cells
(Kim et al, 2009), astrocytes (Ruiz et al, 2010), amniotic cells (Li et al, 2009a),
adipose tissue (Sun et al, 2009), cord blood cells (Takenaka et al, 2010), T
lymphocytes (Seki et al, 2011) and skeletal muscle stem cells (Tan et al, 2011)
represent examples of other primary human cells that have been reprogrammed
thereafter. Also, peripheral blood cells (Staerk et al, 2010, Loh et al, 2010) and
human urine -derived cells (Zhou et al, 2011) have been reprogrammed into iPS
cells. In addition, cell lines derived from human gastrointestinal cancers have

been used as starting material for iPS cell production (Miyoshi et al, 2009).
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The increase in the possibilities for iPS cell generation has raised a
question about the epigenetic memory of the iPS cells derived from different
cell types. The term epigenetic memory refers to the phenomenon of retaining
certain features of the epigenomes of the original somatic cell. The mechanisms
involved in the development of this memory include enzymatic modifications of
the chromatin structure, such as histone modifications and DNA methylation, as
well as the regulation of transcription factors, signaling pathways and
expression of microRNAs (miRNAs), which are small non-coding RNAs that
can modulate mRNA expression (for a review, see Medvedev et al, 2012). It has
been shown that iPS cells contain residual epigenetic marks, but also that these
marks can be eliminated by continuous cell culturing (Kim et al, 2010). In
addition, the residual memory of the iPS cells may be influenced by both the
original cell type (Polo et al, 2010) and the reprogramming method (Chin et al,
2009; Kim et al, 2010). The epigenetic memory of iPS cells has been shown to
influence the differentiation capacity of the cells, such that an iPS cell favorably
differentiates along the lineages related to the original cell type (Kim et al,
2010). Attempts to erase the residual epigenetic marks of iPS cells have
included simply growing the iPS cells for several passages (Chin et al, 2009;
Polo et al, 2010) or treating the cells with epigenetic modifiers (Kim et al,
2010), such as trichostatin A (TSA), a potent inhibitor of histone deacetylase
(Eden et al, 1998), or 5-azacytidine (AZA), a methylation-resistant cytosine
analogue (Chiu & Blau, 1985).

Yet another influence on the efficiency of iPS cell generation — and also
for the differentiation capacity of the iPS cells (Kim et al, 2010) — is the method
that is used for transferring the reprogramming genes into the cells. Retroviral
and lentiviral transductions were the first methods that were used to introduce
the reprogramming factors into human somatic cells (Takahashi et al, 2007; Yu

et al, 2007), and retroviral transduction still remains one of the most widely
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used methods. It is also one of the most efficient methods for reprogramming.
After the first study (Yu et al, 2007), lentiviral vectors have also been used for
gene delivery during human iPS cell production (Hockemeyer et al, 2008;
Chang et al, 2009; Hotta et al, 2009; Sommer et al, 2009). Both of these
methods involve genomic integration of the viral transgenes, which
unfortunately causes a risk of insertional mutagenesis (Figure 3 A). The usage
of retroviruses also enables the reactivation of transgenes and tumor formation,
which cause this method to be unsuitable for therapeutic purposes.

Adenoviruses can be used for gene delivery without the risk of
integration of viral transgenes into the genome of the host cells (Stadtfeld et al,
2008; Zhou & Freed, 2009) (Figure 3 B). Unfortunately, this delivery method
produces iPS cells at a lower efficiency and it also requires repeated infections
to maintain the expression of the pluripotency factors. One rather encouraging
possibility is the use of integrating lentiviral vectors that can be excised from
the host cell genome with Cre-recombinase to generate iPS cells that are free of
the reprogramming factors (Soldner et al, 2009). Currently, the most promising
and rather efficient viral delivery technique utilizes Sendai viruses for
transduction (Figure 3 C). Sendai viruses are RNA viruses that accomplish their
replication in the host cell cytoplasm without entering the nucleus, and thereby,
no integration of the viral transgenes occurs (Fusaki et al, 2009).

Non-viral gene delivery methods have also been introduced, but the
efficiency of these methods is notably lower than the viral ones. Nucleofection
of a non-viral construct containing reprogramming genes has been used to
generate mouse iPS cells (Okita et al, 2008; Gonzalez et al, 2009) with low
efficiency. Human iPS cells have been reprogrammed using a non-integrating
episomal gene delivery vector, but again the efficiency was quite low (Yu et al,
2009). The Piggyback transposon gene delivery system is a non-viral vector that

can induce stable genomic integration and persistent gene expression in
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mammalian cells (Figure 3 D). The Piggyback system seems to be the most
efficient among the non-viral systems, and although it involves integration, the
transgenes can be removed from the host cell genome after reprogramming
(Woltjen et al, 2009; Kaji et al, 2009).

The use of genetic material during iPS cell production may be a problem
if the cells are intended for clinical purposes. Therefore, iPS cells have also
been generated without any gene delivery into the cells. The delivery of
reprogramming proteins attached to cell-penetrating peptides can be used for
human iPS cell production (Kim et al, 2009) but with low efficiency. In
addition, this method requires repeated delivery of the proteins, which may
harm the cells. Delivery of messenger RNAs (mRNA) of pluripotency genes
into the cells that are reprogrammed is non-mutagenic and functions with high
efficiency, but repeated delivery of the mRNAs is again needed (Warren et al,
2010). Also miRNAs have been used to promote the transcription factor -
mediated reprogramming process and also to induce reprogramming in the
absence of any additional factors. This method performs with relatively high
efficiency, but it also requires repeated transfections of the miRNAs into the

cells (Anokye-Danso et al, 2011; Miyoshi et al, 2011).
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Figure 3. Viral delivery of reprogramming factors into the cells and the Piggyback transposon system.
A) The use of lenti- and retroviral vectors for gene delivery involves conversion of the viral RNA into
DNA by reverse transcriptase (RT) and the integration of the viral DNA into the genome of the host
cell by integrase (IN). Viral genes are then expressed by the host cell transcription and translation
machinery. B) Adenoviruses have a DNA genome that enters the nucleus of the host cell but does not
integrate into the host cell genome. The expression of the viral genes is achieved using the host cell
machinery for transcription and translation. Adenovirus vectors can be used to achieve transient
expression of delivered genes, but because no integration occurs, the expression is not permanent. C)
Sendai viruses are RNA viruses with a negative-strand RNA genome that is directly used as mRNA
and translated into proteins by the host cell without entering the nucleus. Sendai virus vectors can be
used for efficient gene delivery without the disadvantages caused by integration. D) The Piggyback
transposon system utilizes a transposase enzyme, which is able to detach the delivered genes from
the Piggyback vector at special cleavage sites and induce the integration of the transgenes into the
host cell genome (1). The integrated genes are then expressed as endogenous genes. Subsequently,
the transgenes can be excised from the host cell genome by the same transposase enzyme
introduced into the cell (2). The figure is modified from a figure regarding lentivirus vectors at the
webpage of System Biosciences (SBI), Mountain View, CA, USA (http://www.systembio.com/support/
resources/fags/lenti).
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Also, certain chemicals and small molecules can be used to replace
some of the reprogramming factors, as mentioned previously, or to improve the
efficiency of iPS cell generation (Walia et al, 2012). The enhancement of
reprogramming is usually based on chromatin modifications or the inhibition of
certain cell signaling pathways. For example, human primary keratinocytes can
be reprogrammed to iPS cells using tranylcypromine (an inhibitor of lysine-
specific demethylase 1) and CHIR99021 (a specific glycogen synthase kinase 3
(GSK-3) inhibitor) with only Oct4 and Klf4 (Li et al, 2009b). On the other hand,
valproic acid (VPA, a histone deacetylase inhibitor) enables reprogramming of
primary human fibroblasts to iPS cells with Oct4 and Sox2 alone with a similar
efficiency that of Oct4, Sox2 and Kl1f4 (Huangfu et al, 2008). Murine cells have
been successfully reprogrammed using the combination of VPA,
tranylcypromine, CHIR99021 and 616452 (a TGF-B kinase inhibitor) in the
presence of only transfected Oct4 (Li et al, 2011), and more resently, using only
a combination of six chemicals: VPA, tranylcypromine, CHIR99021, 616452,
forskolin (cAMP agonist) and DZNep (3-Deazaneplanocin A, an inhibitor of S-
adenosylmethionine-dependent methyltransferase) (Hou et al, 2013). In addition
to chemicals and small molecules, some cell culture conditions (for example,
hypoxia and a high level of basic fibroblast growth factor (bFGF)) are known to
induce the expression of pluripotency genes and thereby support reprogramming
(For a review, see Walia et al, 2012). A simplified description of the generation
and differentiation of iPS cells is illustrated in Figure 4, and the methods

currently used for iPS cell production are listed in Table 2.
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Figure 4. Production and use of iPS cells. The delivery of reprogramming factors into the somatic
cells can be achieved by various methods, including the use of different viral vectors, non-viral DNA
vectors, complete proteins or mMRNA. Small molecules or miRNA can be used to induce and activate
the endogenous pluripotency factors inside the cells. Reprogramming of somatic cells into iPS cells
occurs gradually as the cells are maintained in ES cell culture conditions. Pluripotent iPS cells can be
differentiated into various cell types using specific differentiation protocols. The figure has been
modified from the original figure found at the webpage of Mirus Bio LLC, Madison, WI, USA
(https://www.mirusbio.com/stem_cell_solutions).
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Table 2. Methods for reprogramming induced pluripotent stem cells.

Viral delivery Non-viral delivery

Genetic Non-genetic
Retroviruses (integration of Nucleofected construct Delivery of reprogramming
the transgenes) containing reprogramming proteins into the cells

sequences

Lentiviruses (integration of Non-integrating episomal Delivery of mRNAs of the
the transgenes) vectors reprogramming factors
Adenoviruses (non- Piggyback transposon Use of miRNA
integrating) system
Sendai viruses (non- Use of chemicals and/or
integrating) small molecules
Cre-recombinase lentiviruses
(integrating but excisable)

2.1.2.3. Characterization of induced pluripotent stem cells

iPS cells are usually first characterized by their morphology, their growth habit
and the type of colonies they tend to form (Figure 10 A). Pluripotent human
stem cells, including iPS cells, are typically round cells that have a high nucleus
to cytoplasm ratio and large nucleoli. Pluripotent human stem cells proliferate in
cell culture extensively and form compact colonies with defined edges and
distinct cell borders (Thomson et al, 1998). Telomerase and alkaline
phosphatase activities are typical for pluripotent stem cells, and the cells retain
the normal karyotype during an extended time of cell culturing (Hoffman &
Carpenter, 2005). Pluripotency can be verified also by examining the
methylation status of certain promoters. For example, Oct4 and Nanog are
demethylated during reprogramming, and the unmethylated status of these genes
indicates that the genes are actively transcribed as they are in human ES cells

(Mikkelsen et al, 2008). Other pluripotency markers that are known to be
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expressed in iPS cells as well as in ES cells include Sox2 (see above), RNA
exonuclease 1 (Rexl), stage-specific embryonic antigens 3 and 4 (SSEA3 and
SSEA4), tumor-related antigens 1-60 and 1-81 (TRA1-60 and TRA1-81) and
alkaline phosphatase (ALP) (Adewumi et al, 2007). Transcription profiles of
human ES and iPS cells are shown to be very similar, but some differences have
been discovered (Marchetto et al, 2009). For characterization of pluripotency,
these markers can be detected from iPS cells using the reverse transcriptase
polymerase chain reaction (RT-PCR) or by immunocytochemical staining of the
cells. RT-PCR reveals the expression of the markers at the mRNA level, while
expression at the protein level can be observed by staining the cells.

In addition to DNA methylation, a certain pattern of histone
modifications, which includes combinations of activating and repressive histone
modifications, occurs in pluripotent stem cells compared to differentiated cells.
Bivalent histones typical for ES cells appear also in the chromatin of iPS cells as
the cells are completely reprogrammed, which may ensure the transcriptional
flexibility of the pluripotent cells (Bernstein et al, 2006; Wernig et al, 2007).
During reprogramming, the exogenous (viral) transgenes are silenced, and the
expression of endogenous pluripotency genes is up-regulated. In completely
reprogrammed cells, silencing of the exogenous factors is complete (Maherali et
al, 2007; Okita et al, 2007; Wernig et al, 2007), whereas partially reprogrammed
iPS cells show incomplete silencing and persistent expression of the viral
factors (Takahashi & Yamanaka, 2006). These data indicate the gradual nature
of silencing (Stadtfeld et al, 2008) that is known to involve for example, de novo
DNA methylation, histone deacetylation and methylation, as well as chromatin
remodeling (for a review, see Hotta & Ellis, 2008). Chromodomain helicase
DNA binding protein 1 (Chdl) and rg/Brahma-associated factors (BAF) may
facilitate the binding between the endogenous reprogramming factors and their

target genes and thereby reactivate and maintain the expression of endogenous
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pluripotency genes in the absence of exogenous factors (Gaspar-Maia et al,
2009; Singhal et al, 2010). By the end of the reprogramming process, the
repressed X-chromosome is also reactivated in female iPS cells (for a review,
see Kim et al, 2011).

Usually, the in vitro differentiation capacity of iPS cells is verified by an
embryoid body (EB) formation -assay to show that the iPS cells can
differentiate into cell types of all three germ layers. The ability of iPS cells to
form teratomas when injected into immunodeficient mice indicates the
pluripotent differentiation capacity of the cells in vivo. Tissues that originate
from different germ layers are detected from these tumors to confirm
pluripotency (Brivanlou et al, 2003; Maherali & Hochedlinger, 2008; Thomson
et al, 1998). Finally, the normal karyotype of an iPS cell line is usually verified

during the characterization of the cells.

2.2. Cardiomyocytes and the human heart

2.2.1. The structure of the human heart

Heart muscle, myocardium, is constructed from elongated and coalesced heart
muscle cells called cardiomyocytes that are able to contract (Figure 5 A). Serial
cardiomyocytes form cardiac muscle fibers that are surrounded by matrix-
containing collagen fibers and other components of the connective tissue, as
well as blood vessels and nerves. The human heart is organized to form four
separate chambers: left atrium, left ventricle, right atrium and right ventricle.
The left and right halves of the heart are separated from each other by a seprum,
and valves are located between the atria and ventricles as well as between the
atria and main veins. The inner lining of the heart is covered by endothelial cells

and is called the endocardium. The external surface of the myocardium is
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surrounded by mesothelial cells that form a structure called the epicardium

(Heikkild et al, 2000) (Figure 5 A).

2.2.2. Cardiac cells

The atrial and ventricular myocardial cells, also called cardiomyocytes,
constitute a major part of the organ and are responsible for the contraction and
relaxation of the heart. Nevertheless, approximately half of the cells constituting
the heart are fibroblasts (Camelliti et al, 2005). Ventricular cardiomyocytes can
still be divided into three different groups according to their position within the
myocardium: epicardial, mid-myocardial and endocardial cells (Yan &
Antzelevitch, 1998). The different types of ventricular cardiomyocytes differ
from each other also by their electrophysiological and functional properties
(Antzelevitch et al, 1991; Antzelevitch et al, 1999). The differences can be
observed in the depolarization and repolarization characteristics of the
cardiomyocytes due to distinct ion current properties of the cells. In addition,
electrophysiological differences between the mid-myocardial cells originating
from the left or right ventricle have been described (Di Diego et al, 1996;
Volders et al, 1999).

A single ventricular cardiomyocyte is typically 50 to 150 um long and
10 to 20 um wide, while atrial cardiomyocytes are slightly smaller. The interior
of a cardiomyocyte is organized into hundreds of myofibrils that span from one
end of the cell to the other (Figure 5 B). Every myofibril is composed of
molecular structures called sarcomeres that are responsible for the contraction
of the cell. The sarcomere is further composed of thick and thin myofilaments
and intermediate filaments that are strictly organized to maximize the efficiency
of cell contraction. The difference in the length of a sarcomere from complete
relaxation to maximum contraction is 0.6 pum (from 2.2 um to 1.6 um). Thick

myofilaments are comprised of myosin molecules that are connected to each
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other by cardiac myosin binding protein C (cMyBP-C), and a myosin molecule
contains two identical molecules called myosin heavy chain (MHC) and two
pairs of myosin light chains named myosin light chains 1 and 2 (MLC1 and
MLC2). Thin myofilaments are composed of actin, a group of troponin
molecules and tropomyosin. Certain binding sites for myosin are located along
the actin filaments to allow the contraction of the sarcomere (Heikkild et al,
2000). The structures of a cardiomyocyte and sarcomere are illustrated in Figure
5B.

In addition to ventricular and atrial cardiomyocytes, two smaller groups
of cardiac myocytes can also be found in the heart: the pacemaker cells and the
electrical conducting cells. Together these cardiomyocytes are called nodal
cells. Pacemaker cells are approximately 5-10 pm long and are able to
depolarize spontaneously at a certain rate that is dependent on neural and
hormonal actions. Pacemaker cells reside in the sinus node (Figure 5 A) and
initiate a wave of depolarization through the heart that results in the contraction
of the heart. Electrical conducting cells on the other hand are thin and long cells
that carry the cardiac current efficiently and rapidly from the sinus node to

distant regions of the heart. (Thaler, 1999.)
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Figure 5. Structure and function of the human heart. A) The human heart consists of four separate
chambers: the right and left atria and the right and left ventricles, which are separated from each other
by the interventricular septum. The endocardium is the innermost layer of the myocardium, or the
heart muscle, and the epicardium envelopes the myocardium outside the heart. The sinus node and
atrioventricular (AV) node reside as indicated in the figure. B) A cardiomyocyte is composed of
myofibrils, which are further formed by the highly organized alignment of sarcomeres. The major
molecules composing the sarcomere structure are actin and myosin filaments, which are responsible
for the contraction of the entire cardiac myocyte. C) Here is presented a schematic illustration of an
electrocardiogram (ECG). The separate waves of an ECG are named with the letters P, Q, R, Sand T
(see the following text). The figure collage is composed from original figures and information in the
Cardiovascular Medicine Book (http://www.fpnotebook.com/cv/ index.htm), as well as from the original
figure of the structure of the cardiac myofibril and sarcomere by Benjamin Cummings, Addison Wesley
Longman, Inc. (2001).
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2.2.3. Cardiac differentiation in cell culture

Cardiomyocytes are challenging to study in cell culture because obtaining a
myocardial biopsy presents a risk for the donor, and primary cardiomyocytes
tend to dedifferentiate and stop beating relatively quickly in vitro (Mitcheson et
al, 1996). However, pluripotent stem cells are able to differentiate into any cell
type of an organism; therefore, pluripotent stem cells provide a useful tool also
for cardiac research. Human ES cells (Kehat et al, 2001) as well as human iPS
cells (Zhang et al, 2009) can differentiate into cardiomyocytes with nodal-,
atrial- and ventricular phenotypes, and these cardiac cells also express
transcription factors and structural proteins that are specific for cardiomyocytes
(Zwi et al, 2009). However, the cardiomyocytes derived from pluripotent stem
cells are rather immature based on the morphology and structural organization
as well as on their functionality if they are compared to primary adult
cardiomyocytes (Lieu et al, 2009; Luna et al, 2011).

Multiple methods are used for cardiac differentiation in cell culture,
although all the methods have some limitations and challenges. Usually,
pluripotent stem cells differentiate into cardiomyocytes in 20 days, but
variations exist between different methods and also between different cell lines
(Skottman et al, 2005; Allegrucci & Young, 2007; Moore et al, 2008; Osafune
et al, 2008; Pekkanen-Mattila et al, 2009). The epigenetic variation between
different iPS cell lines is broad (Kim et al, 2010), which may additionally limit
their capacity for cardiac differentiation compared to ES cells and increase the
range in differentiation efficiency between the iPS cell lines (Zhang et al, 2009;
Toivonen et al, 2013). As evidence of the epigenetic influence on the cardiac
differentiation capacity of iPS cells, two studies using mouse cells should be
mentioned. One study used murine ventricular myocytes to derive iPS cells, and
these cells exhibited a higher tendency to spontaneously differentiate into

beating cardiomyocytes compared to ES cells and iPS cells originated from
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fibroblasts (Xu et al, 2011). In the other study, neonatal cardiomyocytes were
reprogrammed into iPS cells and re-differentiated into cardiac myocytes again at
a higher efficiency than ES cells or iPS cells derived from cardiac fibroblasts
(Rizzi et al, 2011).

Pluripotent stem cells can be differentiated spontaneously as EBs by
dissociating the cell colonies into small cell clusters and allowing the clusters to
form aggregates in suspension (Kurosawa, 2007). Cardiomyocytes, as well as
other cell types, can be obtained by this EB differentiation method (Itskovitz-
Eldor et al, 2000; Kehat et al, 2001; Zhang et al, 2009) that is widely used
because it is an easy and inexpensive method for producing cardiac cells. The
forced aggregation (FA) -method is another EB-forming technique in which the
cells are forced to form aggregates by centrifugation (Ng et al, 2005; Burridge et
al, 2007). The advantage of this technique is that the number of cells and
thereby the size of the EBs can be standardized, which influences differentiation
(Burridge et al, 2007; Bauwens et al, 2008; Mohr et al, 2010).

A more controlled method for cardiac differentiation from pluripotent
stem cells utilizes mouse endodermal-like cells (END-2). The stem cells are co-
cultured with END-2 cells in the absence of serum or serum replacement and
with ascorbic acid (Mummery et al, 2003; Passier et al, 2005). END-2-
conditioned medium can also be used instead of co-culturing (Graichen et al,
2008). The mechanisms by which the END-2 method works for cardiac
differentiation are still unclear, but the removal of insulin and secretion of
prostaglandin I (PGL2) by END-2 cells are thought to play roles in the process
(Xu et al, 2008).

Differentiation of cardiomyocytes can also be driven by defined growth
factors and other supplements that influence certain signaling pathways.
Ascorbic acid was already mentioned as one supplement that enhances cardiac

differentiation (Passier et al, 2005), as well as the removal of insulin and
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addition of PGI2 (Xu et al, 2008). Culturing the cells in serum-free conditions
during differentiation also increases the efficiency of cardiac differentiation
(Braam et al, 2008). Yet another way to increase the production of
cardiomyocytes is the inhibition of p38 mitogen activated protein kinase
(MAPK) when END-2-conditioned medium is used (Graichen et al, 2008). A
differentiation protocol that is based on the addition of supplements alone
utilizes a combination of activin A and bone morphogenetic protein 4 (BMP4)
in cardiomyocyte production (Laflamme et al, 2007). Other protocols are based
on EB formation, but growth factors are added to the culture medium in a
certain order and in certain combinations. For example, the growth factors
BMP4, bFGF, activin A, vascular endothelial growth factor (VEGF) and
dickkopf homolog 1 (DKK1) can be used in varying combinations to enhance
cardiac differentiation (Yang et al, 2008). Also, together with the FA technique,
the following supplements added in different phases of the protocol have been
used to improve the efficiency of cardiac differentiation: 1-thioglycerol,
polyvinyl alcohol (PVA), insulin, BMP4, bFGF, chemically defined lipids,
inhibitor of the rho-associated protein kinase (ROCK), human serum albumin
(HSA) and ascorbic acid (Burridge et al, 2011). The most recent differentiation
method is based on the inhibition of Wnt signaling at certain points during
differentiation with different inhibitors that function by slightly different
mechanisms (Minami et al, 2012; Lian et al, 2012). During this differentiation
method, mesodermal differentiation is first initiated using an aminopyrimidine
named CHIR99021, which is a highly selective inhibitor of glycogen synthase
kinase 33 (GSK-3p). Inhibition of GSK activates Wnt signaling, thereby causing
the differentiation of pluripotent stem cells toward mesoderm. After initiation,
Wnt signaling is inhibited by some specific Wnt inhibitor IWP-4, KY02111 or
XAV939), which directs the mesodermal cells toward a cardiac cell lineage

(Minami et al, 2012; Lian et al, 2012). (Wnt is an abbreviated combination of
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Wingless (the Drosophila melanogaster segment-polarity gene) and Integrase-1
(the vertebrate homolog of Wingless).) Recently, Burridge and colleagues
published an efficient protocol for chemically defined production of human
cardiomyocytes, which also utilizes the inhibition of GSK-3 by CHIR99021
and the inhibition of Wnt signaling by Wnt-C59 (Burridge et al, 2014).

2.2.4. Visual and biochemical characterization of cardiomyocytes

Usually, the first evidence of successful differentiation of stem cells into
functional cardiomyocytes in vitro is the appearance of spontaneously beating
cell aggregates (Kehat et al, 2002; Mummery et al, 2003). The gene expression
pattern of these beating cells is known to mimic the pattern during early
embryogenesis; thus, the first up-regulated genes are primarily mesodermal,
after which the cardiac progenitor genes and the genes that are expressed in fetal
cardiomyocytes are activated (Beqqali et al, 2006; Synnergren et al, 2008). The
expression of marker genes typical for cardiomyocytes can be detected using
RT-PCR or immunocytochemical staining. RT-PCR reveals the mRNAs of the
genes, while staining the cells indicates the presence of cardiac-specific
proteins.

Cardiomyocytes originate from the mesoderm, one of the three germ
layers in an embryo that appears during gastrulation. Brachyury T is
traditionally used as a marker for mesoderm and an early marker of the cardiac
cell lineage (Kispert & Herrmann, 1994). During the development of the
mammalian heart, several cardiac regulatory transcription factor genes are
expressed in myocardial progenitors and immature cardiomyocytes. Islet-1 (Is/-
1), mesoderm posterior 1 and 2 (MESP1 and MESP2), NK2 transcription factor
-related gene, locus 5 (Nkx 2.5), GATA binding protein 4 (GATA4) and T-box
transcription factor 6 (7bx6) are all activated during the process of

cardiomyocyte development (Brand, 2003; Graichen et al, 2008; Yang et al,
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2008). Cardiac-specific structural proteins, such as cardiac troponin T (cTnT,
encoded by the gene named TNNT?2) (Thierfelder et al, 1994), cardiac troponin I
(cTnl), different myosin proteins and cardiac a-actinin, can be used as markers
for a more mature cardiac phenotype (Kehat et al, 2001; Mummery et al, 2003).
The cardiac specific connexin (Cx) proteins of gap junctions (Cx43, Cx40 and
Cx45) (Gaborit et al, 2007) and ion channels, such as hERG or KCNQI (see
later), are also used as cardiomyocyte markers. Gap junctions are channels in
the cell membrane that participate in the electrical coupling of the cells, the
transfer of ions and molecules between cells and the control of differentiation,
proliferation, migration and metabolism. In cardiomyocytes, gap junctions play
a crucial role in the electrical activation of the cells (reviewed by Maizels &
Gepstein, 2012).

During cardiac differentiation in cell culture, the expression of certain
ion channels is up-regulated, indicating further maturation of the
cardiomyocytes with time (Sartiani et al, 2007). Nevertheless, human iPS cell -
derived, as well as ES cell -derived, cardiac myocytes are quite immature when
compared to primary adult cardiomyocytes. Morphologically, these cells are
usually approximately ten times smaller than adult cells, and the intracellular
structures are deficiently organized (Luna et al, 2011). In addition, the absence
of transverse (t-) tubules in cardiomyocytes derived from pluripotent stem cells
(Lieu et al, 2009) may reflect a certain immaturity of these cells. At least the
lack of t-tubules can be assumed to affect the proper calcium (Ca*") handling in
the cardiomyocytes differentiated from iPS or ES cells because the t-tubules are
transverse invaginations of the sarcolemma that facilitate the fast spread of an
electrical signal inside the cardiomyocytes, trigger homogenous calcium release
into the cytoplasm and thereby enable the rapid and simultaneous contraction of

the cell (Ferrantini et al, 2013). The network of t-tubules is highly developed
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within the ventricles of the human heart, but absent or poorly developed in atrial

cardiomyocytes (Heikkila et al, 2000).

2.2.5. Electrocardiogram

Depolarization and repolarization are the fundamental functions of the heart.
These processes are the electrophysiological events occurring in cardiomyocytes
that produce an electrical current through the entire organ. This electrical
activity can be measured by electrodes placed on the surface of the body and
result in an electrocardiogram (ECG) (Figure 5 C). During one cycle of a
cardiac contraction and relaxation, the first event is atrial depolarization that is
initiated from the sinus node. The wave of depolarization spreads outward into
the atrial myocardium and results in atrial contraction. Atrial depolarization is
observed on an ECG as the P wave. The first part of the P wave corresponds to
the right atrial depolarization, while the latter part reflects the left atrial
depolarization. The atrioventricular (AV) node is the structure that is
responsible for the conduction delay that is essential for the proper function of
the heart. The delay is followed by ventricular depolarization that is observed on
the ECG as the QRS complex. This complex consists of several distinct waves:
the first downward wave is the Q wave, the first upward deflection is called the
R wave and the second downward deflection is called the S wave. The earliest
part of the QRS complex reflects the depolarization of the interventricular
septum. The latter part represents primarily the depolarization of the left
ventricle because the signal from the right ventricle is weaker and thereby
covered by the simultaneously depolarizing left ventricle. The cycle of one
contraction and relaxation is completed as the ventricular repolarization occurs
and can be observed on an ECG as the T wave. (Thaler, 1999.) A schematic

illustration of an ECG is presented in Figure 5 C.
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2.2.6. Electrophysiology of cardiomyocytes

2.2.6.1. Patch clamp -method and cardiac action potential

The electrophysiology of beating cardiomyocytes can be studied using a variety
of methods. For single cell investigation, the patch clamp -technique has
traditionally been the gold standard (Hamill et al, 1981; Sakmann & Neher,
1984; Zilberter et al, 1982; Kornreich, 2007). The patch clamp -method utilizes
glass micropipettes filled with ionic solution as electrodes. The micropipette
forms a high resistance seal with the cell membrane, enabling the observations
of changes in membrane potential or ion channel currents at the level of single
cells or even single channels (Molleman, 2002). With the patch clamp -
technique, a cardiac action potential (AP), an electrical event that eventually
leads to the contraction of the cell, can be recorded from a single
cardiomyocyte. A cardiac AP reflects the changes in ion currents across the cell
membrane through different ion channels (Figure 6 A). The main ions that are
involved in the cardiac AP are sodium (Na®), calcium (Ca*") and potassium
(K"). Na" ions have the most important role in initiating the depolarization of a
cardiomyocyte, while Ca®" ions play a role during the mechanical contraction of
the cell. The repolarization of the cardiac myocyte is primarily mediated by K*
ions (Pollard et al, 2010). The AP measured from a ventricular cardiomyocyte is
different from the one captured from an atrial cardiomyocyte or from a nodal
cell (He et al, 2003; Zhang et al, 2009). Schematics of different APs as well as
the main ion currents during one ventricular AP are illustrated in Figure 6.
According to their AP, the cardiac myocytes differentiated from pluripotent
stem cells in cell culture resemble fetal cardiomyocytes more than adult cardiac
cells (He et al, 2003), although some maturation occurs if the cells are

maintained for longer (Sartiani et al, 2007).
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Figure 6. Cardiac action potentials and ECG waves. A) The ventricular cardiac action potential (AP)
involves four different phases. The resting phase (4) is disrupted by the upstroke (0) that is achieved
mainly by the inward current of Na* ions. The upstroke is followed by transient repolarization (1) that is
induced by a small outward K* current and the plateau phase (2) during which the intracellular Ca2*
concentration arises. The final repolarization (3) is achieved by the K+ current through Ik and Iks (see
the text above). The timing during a cardiac AP can be compared to one cycle of depolarization and
repolarization in an ECG as shown in the figure. B) Cardiac APs measured from different subtypes of
cardiomyocytes are different from each other as illustrated here. The differences are due to distinct
functions of the ion channels in different subtypes of cardiac myocytes. The figure is a merged
rendition of the information gathered from an article by Hanno and colleagues (Hanno et al, 1995) and
the webpage: http://rezidentiat.3x.ro/eng/ tulbritmeng.htm.

The depolarization of a cardiomyocyte means that the membrane
potential (the voltage between the intracellular and extracellular space) changes
to values that are more positive. The initiation of a cardiac AP is due to the
opening of voltage-gated Na’" channels in the cell membrane. This voltage
change then influences L-type Ca?" channels (LCCs) in the cell membrane
through which the Ca®" ions flow into the cardiomyocyte from the extracellular

space (Figure 7). The influx of calcium then triggers the release of Ca** ions
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from intracellular stores via ryanodine receptors (RyRs) in a process called
Ca?*-induced Ca’" release (CICR) (Bers, 2002). This process elevates the
cytoplasmic Ca®" concentration one hundred-fold, and Ca®* ions bind to
troponin C molecules in the actin filaments. The interaction of Ca®" ions and
troponin C receptors allows the binding between actin and myosin filaments and
thereby the contraction of the entire sarcomere. (Heikkila et al, 2000; Poon et al,
2011.) T-tubules play an important role in enabling the fast spread of the
electrical signal inside the cardiomyocytes as well as in triggering the
homogenous increase in Ca®" concentration in the cytoplasm by CICR
(Ferrantini et al, 2013).

The relaxation of the cardiomyocyte results from the release of the Ca*"
ions from the troponin C molecules. This process can occur when the
cytoplasmic Ca** concentration is reduced by the sarcoplasmic reticulum Ca®"
ATPase (SERCA) that pumps the Ca®" back into the sarcoplasmic reticulum and
by the Na*/Ca®" exchanger (NCX) that extrudes the Ca** ions out of the cell
(Poon et al, 2011) (Figure 7). The rapidity of the cell relaxation depends on the
rate of the discharge between the actin and myosin filaments. This process on
the other hand is dependent on the affinity of Ca®" ions to the troponin C
molecules and the efficiency of Ca®* removal from the cytoplasm into the
endoplasmic reticulum and out of the cell (Heikkila et al, 2000). The proper and
fast escalation of Ca®" concentration during depolarization and efficient Ca*"
removal from the cytoplasm during repolarization are crucial for the mechanical

function of the cardiac myocyte (Poon et al, 2011).
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Figure 7. Elevation of the cytoplasmic Ca?* concentration [Ca?*] in cardiomyocytes. The
depolarization of the cardiomyocyte and thereby the voltage change of the cell membrane influences
the L-type Ca2* channels (LCCs) through which the Ca?* ions flow into the cardiomyocyte. This influx
triggers the release of Ca2* from sarcoplasmic reticulum (SR) via ryanodine receptors (RyRs). The
increase in [Ca?*] enables the binding of CaZ* ions to sarcomere (troponin C) and the contraction of
the cardiomyocyte. As [Ca?*] is reduced by the sarcoplasmic reticulum Caz* ATPase (SERCA) and by
the Na*/Ca2+ exchanger (NCX), the Ca2* ions are released from the sarcomere, and the cell relaxes.
This figure is modified from the original illustration published in a review article by Bers in Nature
(2002).

The repolarization of the cardiac cell membrane is accomplished by the
efflux of K ions through a variety of K channels and inward currents of Na*
and Ca’" ions (Charpentier et al, 2010). One important channel in
cardiomyocytes mediates the repolarizing rapid delayed rectifying K (Ikr) -
current. This channel is often called the hERG channel because of its a-subunit
encoded by the human Ether-a-go-go-Related gene (AERG, also called KCNH?2),

and the hERG current is one of the most important currents that determines
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cardiac repolarization (Sanguinetti et al, 1995; Trudeau et al, 1995). The hERG
channel is formed from four a-units (hERG) and four B-subunits called
potassium voltage-gated channel subfamily E member 2 (KCNE2). Another K"
current that contributes to the repolarization and termination of the cardiac AP is
the slow delayed rectifying K* (Iks) -current. The channel responsible for the Iks
current is a tetramer composed of four identical subunits expressed by the
KCNQI gene. KCNQI is an abbreviation for potassium voltage-gated channel,
KQT-like subfamily, member 1 (Wang et al, 1996; Barhanin et al, 1996;
Sanguinetti et al, 1996) and is alternatively called KvLQT1. There are also two
B-subunits called KCNE1 forming the channel together with the KCNQI
subunits. The delayed rectifying K" currents and cardiac repolarization have
been extensively reviewed by Charpentier and colleagues (Charpentier et al,

2010).

2.2.6.2. Microelectrode array

A microelectrode array (MEA) can be used to measure the electrical activity of
beating cell aggregates. MEA provides an additional platform for
electrophysiological studies of cardiomyocytes. This method is rather easy and
straightforward to use but has some limitations due to the dimensions of the
instrumentation (Kehat et al, 2001; Hescheler et al, 2004; Reppel et al, 2004). In
MEA, the beating cell aggregates are plated onto microelectrodes at the bottom
of a chamber that is suitable for cell culturing, allowing cells to be maintained
and measured for long periods of time. In addition, the MEA platform is
suitable for pharmacological testing of cardiac effects (Braam et al, 2010), and
large-scale testing is easier to accomplish than with the patch clamp -technique.
However, the scale and structure of the MEA chamber allows cell aggregates
but not single cardiomyocytes to be measured. For this reason, the results are

unequal and not comparable to those gathered using the methods suitable for
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single cells, such as the patch clamp -technique. On the other hand, MEA
introduces an additional method and reveals additional data regarding the
cardiomyocytes. MEA can be used as a complement to the patch clamp -method
and for example Ca®’-imaging, rather than a replacement for these methods.

The MEA system allows the recording of the field potential (FP) that
resembles an ECG measurement (Reppel et al, 2004) although FP reflects the
electrophysiology of a 2-dimensional structure while ECG is recorded from the
3-dimensional organ. Human iPS cell -derived cardiomyocytes have been
successfully measured using MEA (Itzhaki et al, 2011; Mehta et al, 2011). From
the cardiac FP, at least three parameters are usually defined. These parameters
are the peak-to-peak interval (PPI), from which the beating rate can be
calculated; the field potential duration (FPD) that can be used as a surrogate for
the QT interval of an ECG; and the amplitude, shape and area under the curve

(AUC) of the signal (Caspi et al, 2009).

2.2.6.3. Calcium imaging and calcium handling in human cardiomyocytes

Elevation of the intracellular Ca®" through the CICR mechanism is closely
associated with the contraction of a cardiomyocyte in the adult mammalian
heart (Bers 2002) (Figure 7). Therefore, exploring the elevating calcium levels
in cardiomyocytes during contraction and relaxation is one way to study the
functionality of cardiac myocytes. Discrete Ca*" signaling events related to the
beating of a cardiomyocyte are termed Ca?" trancients. Ca’" trancients are Ca*"
events triggered by APs that can be detected using fluorescent tracers for Ca*"
ions (Cheng et al, 1993).

Sustained 10*-fold gradients of calcium concentration exist across the
cell membrane, which partitions the extracellular space from the cytoplasm, and
also between the sarcoplasmic reticulum (SR) and the cytoplasm. The

cytoplasmic Ca®" concentration is actively maintained at a very low level by
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NCXs, SERCAs and Ca** ATPases. During the cardiac excitation/contraction
coupling, a Ca*" influx through L-type Ca®" channels (LCCs) that is induced by
depolarization serves as the trigger of evoked Ca”" trancients in cardiomyocytes,
and the trancients are generated via the CICR mechanism. Thus, the
extracellular calcium is first released into the cytoplasm via LCCs, and this
initial increase in intracellular Ca®* concentration induces a further Ca®* release
from the SR storage via ryanodine receptors (RyRs) (Figure 7) (Cheng &
Lederer, 2008). RyRs are organized as clusters of channels in the SR and form
individual Ca®" releasing units (CRUs). How many RyRs within a CRU
contribute to the AP-induced Ca" trancient remains unclear, but the activation
of single RyR is thought to cause a Ca®* releasing event with smaller magnitude
than a Ca*" trancient (for a review, see Shkryl & Blatter, 2013). As previously
mentioned, the t-tubules play an important role during Ca®’ release in
cardiomyocytes (Ferrantini et al, 2013). The organization of t-tubules is highly
developed in ventricular cardiomyocytes, and the AP-induced Ca®" release in
these cells is indeed exactly synchronized and spatially homogenous. On the
other hand, in atrial cardiomyocytes, the t-tubules are poorly developed or even
entirely absent, which causes the AP-induced Ca*" releases to be spatially non-
homogenous (Shkryl & Blatter, 2013).

Calcium imaging is a method that quantitatively measures the
intracellular free calcium levels using a fluorescent tracer that binds to Ca*"
ions. Chemical indicators allow for Ca?* detection over a large range because
high affinity tracers can be used to quantify the cytosolic Ca*" levels, and low
affinity indicators are suitable for measuring the higher Ca** concentrations
located in subcellular compartments (Paredes et al, 2008). Chemical Ca®"
indicators can be either non-ratiometric or ratiometric. Non-ratiometric tracers
utilize only one wavelength and are usually very bright. The use of non-

ratiometric tracers is optimal for detecting more than one fluorophore.
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Ratiometric indicators on the other hand, can be calibrated precisely and
minimize the problems associated with uneven loading, leakage of the dye,
photobleaching and variability in cell volume (Paredes et al, 2008). The
emission properties of the tracer change upon binding to Ca®" ions. As the cells
are loaded with the ratiometric tracer and excited with two different
wavelengths, the amount of intracellular calcium can be determined by the ratio

between the two emission amplitudes (Grynkiewicz et al, 1985).

2.2.6.4. Calcium handling in cardiomyocytes derived from pluripotent stem cells

As described previously, human ES and iPS cells are able to differentiate into
cardiac myocytes with all nodal, atrial and ventricular phenotypes (Kehat et al,
2001; Zhang et al, 2009). Though these stem cell -derived cardiac cells have
been shown to express markers that are specific for cardiomyocytes (Zwi et al,
2009), they seem to be immature compared to adult and even fetal cardiac
myocytes in their morphology and structural organization, as well as in their
electrophysiological properties (for a review, see Poon et al, 2011) and Ca*'
handling (Liu et al, 2007; Liu et al, 2009; Fu et al, 2010; Lee et al, 2011). For
the most part, the immature nature of the Ca®" handling in stem cell -derived
cardiomyocytes most likely results from the lack of t-tubules in these cells (Lieu
et al, 2009). However, Ca®" trancients in cardiomyocytes derived from human
iPS cells share similar properties when compared to adult cardiomyocytes, and
also, the RyR receptors have been shown to function in iPS cell -derived
cardiomyocytes. However, the Ca*" trancients in these cells appear to have some
properties that may indicate incomplete arrangement of RyR receptors into
CRUs and an immature t-tubule system (Zhang et al, 2013).

In cardiomyocytes generated from human iPS cells, the Ca** transients
are known to be dependent on the CICR mechanism, and the most important

calcium handling proteins are RyR2, SERCA2a and L-type Ca** channels (Lee
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et al, 2011; Itzhaki et al, 2011). The developmental stage of a cardiomyocyte
may be related to its ability to trigger Ca*" trancients, and the trancients may
have different properties depending on the extent of differentiation (Sauer et al,
2001). Thus, the maturity of iPS cell -derived cardiac myocytes is at least
partially dependent on the length of culturing after differentiation.

2.3. Long QT syndrome

Long QT syndrome (LQTS) is a group of monogenic or acquired cardiac
disorders that are characterized by a prolonged QT interval and T wave
abnormalities in the patient’s ECG (Hedley et al, 2009). The QT interval
designates the time from the beginning of ventricular depolarization to the end
of ventricular repolarization. In an ECG, this interval is the time measured from
the beginning of the Q wave to the end of the T wave (Thaler, 1999). The
patients with LQTS have an increased risk of developing arrhythmias called
Torsades de Pointes (TdP), which are life threatening polymorphic ventricular
tachycardias (Crotti et al, 2008). A prolonged QT interval and an example of a
TdP arrhythmia as observed in an ECG are presented in Figure 8.

Prolongation of QT interval is not straightforward to estimate because
the normal QT intervals vary inversely with the beating frequency. For this
reason, the absolute measurements need to be corrected. Bazett’s formula (Indik
et al, 2006) is generally used for this correction, although it has some limitations
and should be used only within the normal range of beating rates (Dogan et al,
2005). According Bazett’s formula, a corrected QT interval (QTc) results from
dividing the QT time by the square root of the beating rate (QTc = QT/VBR). In
addition to beating rate dependence, the QT interval varies during the 24 hours
in a day due to a number of factors, including circadian rhythms and impulses
from the autonomic nervous system (Dogan et al, 2005). In addition, the

threshold values of a normal and prolonged QTc interval are slightly different
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depending on the gender. This variability has resulted in separate defined limits
for males and females, as well as grouping certain values of QT times as
borderline values (Viskin, 2009). According to this grouping, the normal value
for males in less than 440 ms; the borderline long value is 440-460 ms; and long
QT interval is defined as longer than 460 ms. For females, the same values are:
less than 450 ms, 450-470 ms and longer than 470 ms. Arrhythmias occur
usually when the QT interval is longer than 500 ms (for a review, see Kaye et al,

2013).

A)

Normal QT interval

Long QT interval

"

Figure 8. Manifestation of LQTS. A) Here is an illustration of a prolonged QT interval that can be
observed in an ECG as the lengthening of the time from the beginning of the Q wave to the end of the
T wave. B) Torsades de Pointes (TdP) is the type of arrhythmia that is typical for LQTS patients.

A prolonged QT interval on an ECG can be seen at the single cell level
as a prolonged AP duration, which results from a delay during the repolarization
of the cardiomyocyte. The delay is usually due to a reduction in the outward

current of K, but a delay can also be caused by the increased inward current of
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Na® and Ca?" or by any combination of these ionic movements that limit the
efflux of K* (Roden, 2004). A prolonged AP duration is more prominent in mid-
myocardial cells compared to epicardial or endocardial cells due to the weaker
repolarizing capacity of mid-myocardial myocytes. In mid-myocardial cells, the
Iks current is smaller, while the Na* and Ca®" currents are larger compared to
epi- and endocardial myocytes, which explains the difference in the
prolongation of the AP duration (Antzelevitch et al, 1999; Anyukhovsky et al,
1999; Sicouri & Antzelevitch, 1991).

TdPs are triggered by early after-depolarizations (EADs) occurring in
cardiomyocytes at phase 2 of the AP (see Figure 6 A) when the APD, and
thereby the QT interval, are prolonged and transmural dispersion occurs. EADs
are primarily due to the reactivation of LLCs, and this reactivation is dependent
on the repolarization time, any alterations in the kinetics of activation and
inactivation of LLCs and changes in the membrane potentials during phases 2 or
3 of the AP (Lankipalli et al, 2005). An increase in transmural dispersion is
thought to play an important role in the development of TdPs because it
facilitates the propagation of EADs by triggering a subsequent AP in the cell
with a longer APD from the adjacent cardiomyocyte with a shorter APD.
Transmural dispersion is also responsible for maintaining a TdP once it has been

initiated (Lankipalli et al, 2005).

2.3.1. Diversity and prevalence of long QT syndrome

LQTS can be either genetic or acquired. Inherited LQTS can be either
autosomal dominant (Romano-Ward, RWS) or recessive (Jervell and Lange-
Nielsen, JLNS) by nature (Romano, 1965; Ward, 1964; Jervell & Lange-
Nielsen, 1957). Congenital LQTS can be caused by a variety of mutations in
several different genes encoding proteins that are directly or indirectly involved

in the development of APs in cardiomyocytes. In addition, several different
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drugs are known to cause abnormalities to the AP duration and QT interval and
thereby induce the acquired form of LQTS (Kaye et al, 2013).

Several different subtypes of congenital LQTS are known. The most
common subtypes are LQTS type 1 (LQT1) and type 2 (LQT2). LQT1 accounts
for 40-55 % of the patients, while 35-45 % of all LQTS patients suffer from
LQT2 (Hedley et al, 2009). LQT1 and LQT2 result from loss-of-function
mutations in K* channels that are supposed to function during the repolarization
of cardiomyocytes (Hedley et al, 2009). LQT1 patients typically have symptoms
when the beating rate is high, while patients suffering from LQT2 usually
develop symptoms when the beating frequency is low (Schwartz et al, 2001).
With low beating rates, the QT interval is prolonged, which provides an
elongated time window for Ca** current reactivation and thereby for the EADs
to occur (Lankipalli et al, 2005). In the case of LQTI, the Iks reduction is
responsible for the prolonged APDs and QT intervals. The reason the
arrhythmia occurs at high beating rates resulting from exercise or emotional
stress in LQT1 patients can be explained as a lack of sufficient increase in the
mutant Iks current during B-adrenergic stimulation (Amin et al, 2010).

LQTS type 3 (LQT3) on the other hand, is due to gain-of-function
mutations in depolarizing voltage-activated Na' channels (Hedley et al, 2009).
Due to the mutations, these Na" channels show a persistent inward current of
Na' ions during a cardiac AP and seem to fluctuate between normal and non-
inactivating gating modes (Bennett et al, 1995), which cause the prolongation of
cardiac AP. The prolonged AP is dependent on the heart rate, and the effect is
stronger at lower heart rates, which means that the life-threatening arrhythmias
in LQT3 patients usually occur at rest or during sleep (Schwartz et al, 2001).
The LQT3 subtype accounts for 2-8 % of the LQTS patients (Hedley et al,
2009). Even less abundant congenital LQTS subtypes result from mutations in

the genes that encode B-subunits of the K* channels or parts of Ca®" channels. In
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addition, mutated cardiac structural proteins, as well as defects in cytoskeletal
proteins, can lead to LQTS. In total, 12 different subtypes of congenital LQTS
are known, and all are caused by mutations in different genes (Hedley et al,
2009) (Table 3).

The estimated prevalence of LQTS worldwide is between 1:5,000 and
1:10,000, although the increasing identification of asymptomatic mutation
carriers with normal QT intervals may indicate that this estimation is low
(Ackerman, 1998; Piippo et al, 2001). Due to the Finnish national history with
hundreds of years of isolation, certain mutations have been enriched in the
Finnish population (Norio et al, 1973; Norio, 2003). In the case of LQTS, this
means that only four founder mutations account for 73 % of the genetic
spectrum of LQTS patients in Finland; thus, this situation is quite unique among
population-specific studies (Fodstad et al, 2004). Because the spectrum of
different mutations in Finland is so narrow, genetic studies have been extended
to evaluate the asymptomatic population. In Finland, one individual out of every
250 people is a carrier of a founder mutation related to LQTS, and this value is

the highest known genetic prevalence for this disease (Marjamaa et al, 2009).

2.3.1.1. Long QT syndrome type 1 (LQT1)

LQT1, the most common subtype of LQTS, is caused by mutations in the
KCNQI gene, which result in a reduced Iks current. The mechanism of reduction
can be an alteration in the gating properties of the KCNQ1 channels (Park et al,
2005) or a failure in the trafficking of the channel to the cell membrane (Gouas
et al, 2004; Moretti et al, 2010; Egashira et al, 2012). Nevertheless, the decrease
in Iks current results in the reduced repolarization capacity of a cardiomyocyte
and thereby a prolonged cardiac AP. LQTI1 patients typically experience
symptoms during exercise or emotional stress when the heart rate is high

(Schwartz et al, 2001). This effect is most likely because the dysfunctional Iks

62



current is not able to react accurately to the B-adrenergic stimulation (Amin et

al, 2010).

Table 3. The subtypes of LQTS. The table lists the different types of LQTS as well as the genes
involved and the products of these genes. In addition, the functions of these LQTS-related proteins in
cardiomyocytes and the types of mutations involved in each type of the disease are listed. Finally, the
characteristics and typical triggers of symptoms and the percentage of the subtype among LQTS
patients are described. The table is condensed from one published by Hedley and colleagues (Hedley
etal, 2009).

Type Gene Protein Function Mech. Characteristics and (%)
triggers
LQT1 KCNQ1 Kv7.1 a-subunit lks | Loss-of- | Arrhythmia triggered by 40-55
function exercise, swimming and
emotion
LQT2 KCNH2 Kv11.1 a-subunit lke Loss-of- | Arrhythmia triggered by 35-45
function sound or emotion
LQT3 SCN5A Nav1.5 a-subunitIna | Gain-of- | Arrhythmia triggered by 2-8

function sleep, rest and emotion

LQT4 ANK2 Ankyrin B Adaptor (Ina-k, | Loss-of- | Arrhythmia triggered by <1

INa-Ca, INa) function | exercise
LQT5 KCNE1 minK B-subunit lks | Loss-of- | Arrhythmia triggered by <1
function exercise and emotion
LQT6 KCNE2 MiRP1 B-subunit Ikr Loss-of- | Arrhythmia triggered by <1
function rest and exercise
LQT7 KCNJ2 Kir2.1 a-subunit lk1 Loss-of- | Syndromic, arrhythmia <1

function triggered by rest and
exercise, frequent ectopy

LQT8 CACNA | Cav1.2 a-subunitlca | Gain-of- | Syndromic, early onset <1
1c function | and death from arrhythmia

LQT9 CAV3 M-Caveolin Adaptor (Ina) Loss-of- | Restand sleep triggers <1
function arrhythmia

LQT10 | SCN4B Navb4 B-subunit Ina | Loss-of- | Exercise triggers <01
function arrhythmia

LQT11 | AKAP9 Yotiao Adaptor (Iks) Loss-of- | Exercise triggers <01
function arrhythmia

LQT12 | SNTA1 al- Scaffolding Loss-of- | Rest triggers arrhythmia <01

Syntrophin protein (Ina) function
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Figure 9. K* channels involved in lks and Ik currents in cardiomyocytes. A) KCNQ1, the a-subunit of
the channel responsible for the Iks current, is composed of six transmembrane domains, while the B-
subunit of the same channel, KCNE1, has only one transmembrane domain. Together these subunits
form the functional K* channel (B) that includes four a-subunits and two B-subunits. C) Similarly, the
a-subunit of the hERG channel (Ik: current) has six transmembrane motifs and KCNE2, the -subunit,
penetrates the cell membrane only once. D) The functional hERG channel is a homotetramer
composed of four a-subunits and four B-subunits. The positions of Finnish founder mutations
(KCNQ1-FinA and -FinB, and hERG-FinA and -FinB) are also marked in the figure (A and C). E) Two
alternative isoforms of hERG differ from each other only at the N-terminus; the hERG-1a isoform has
an N-terminal regulatory domain (PAS), while the hERG-1b does not. This figure was assembled
using information from three different review articles (Bokil et al, 2010; Chiang & Roden, 2000;
Friedrichs et al, 2013) and a research article by Sale and colleagues (Sale et al, 2008).

The channel that is responsible for the Iks current is composed of four
pore-forming KCNQ1 oa-subunits and two auxiliary B-subunits named KCNEI
(potassium voltage-gated channel subfamily E member 1) (Barhanin et al, 1996;
Sanguinetti et al, 1996) (Figure 9). Each a-subunit contains six transmembrane

domains and intracellular N-terminal and C-terminal domains, while the B-
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subunits are smaller and consist of only one transmembrane domain,
extracellular N-terminal domain and intracellular C-terminal domain (Bokil et
al, 2010). See Figure 9 A and B for the structure of the KCNQI/KCNEI1

channel.

2.3.1.2. Long QT syndrome type 2 (LQT2)

LQT?2 is the second most common subtype of LQTS. LQT2 is caused by a
mutated ZERG gene, resulting in a reduced of Ik: current. Trafficking alterations
in hERG channels to the cell membrane (Anderson et al, 2006), formation of
dysfunctional channels and alterations in the gating properties of the channels
have been suggested to be the mechanisms behind the reduction in K™ efflux
(Zhou et al, 1998; Hedley et al, 2009). As in the case of LQT1, the defect in the
K" current leads to an impairment in repolarization and a prolonged AP. The Ik:
current is largely responsible for the repolarization phase of an AP in most
cardiomyocytes (Amin et al, 2010). The role of the Ixr current may be even
more pronounced in mid-myocardial cells compared to other ventricular
cardiomyocytes because the Iks current is smaller in these cells (Antzelevitch et
al, 1999). Mid-myocardial cells are indeed thought to play an important role in
the development of LQTS (Lankipalli et al, 2005). Patients suffering from
LQT2 usually experience symptoms, namely cardiac arrhythmias, if they are
emotionally stressed or if auditory stimuli with a low beating frequency are
present (Schwartz et al, 2001). Because the prolonged QT interval is more
prominent with low beating rates, the possibility of provoking an EAD is also
higher as the beating rate decreases (Lankipalli et al, 2005).

The hERG channel is a tetramer, and each a-subunit consists of six
transmembrane domains (Trudeau et al, 1995) and intracellular N-terminal and
C-terminal domains (Morais Cabral et al, 1998). Four accessory B-subunits are

also associated with the hERG units to form a complete channel, and these -
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subunits are called KCNE2 (potassium voltage-gated channel subfamily E
member 2) (Figure 9 C and D). It has been suggested that the four a-subunits
are not identical, but that the hERG channels are heteromers that arise from the
co-assembly of two different isoforms of hERG, hERG-1a and hERG-1b (Lees-
Miller et al, 1997). The different isoforms result from alternative splicing of the
transcript, and the two transcripts are identical except for alternate 5' exons
encoding a cytoplasmic N-terminus. The la-isoform has an N-terminal PAS
regulatory domain, while the hERG-1b does not (Lees-Miller et al, 1997;
London et al, 1997; Morais Cabral et al, 1998). The PAS domain functions as an
intracellular signal sensor (for a review see Taylor & Zhulin, 1999) and was
named after the three proteins in which it occurs: Per, which is period circadian
protein; Arnt or aryl hydrocarbon receptor nuclear translocator protein; and Sim,
which is abbreviated from single-minded protein. The two isoforms of hERG,
hERG-1a with the N-terminal PAS domain and hERG-1b without it, are
illustrated in Figure 9 E.

2.3.1.3. Acquired long QT syndrome

LQTS may also be triggered by extrinsic factors, such as drugs or hypokalemia
(Vincent et al, 1992). The drugs that are currently known to be able to induce
acquired LQTS are listed in a recently published review article (Kaye et al,
2013). The drugs include antiarrhythmics and other cardiac drugs,
antipsychotics, antidepressants, antibacterials, antifungals, antivirals, anti-cancer
agents, anesthetic agents, muscle relaxants, opiates, antimigraine agents,
antihistamines, diuretics and other drugs that can cause hypokalemia.

Most drugs that are known to induce the QT interval prolongation
function by blocking the Ik: current in cardiomyocytes by binding to hERG
(Roden et al, 1996; De Bruin et al, 2005) or by interrupting hERG trafficking to

the cell membrane (Dennis et al, 2007). However, some drugs are exceptions;
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for example, Alfuzosin results in a prolonged QT interval without affecting
hERG but enhances the Na" current (Lacerda et al, 2008). The structure of
hERG allows it to bind a wide variety of different drugs. Two aromatic amino
acid residues are located on each of the subunits, and all eight residues line the
central cavity of the channel pore. These aromatic amino acids dictate the high
affinity and binding of hERG to most drugs (Mitcheson et al, 2000).
Mid-myocardial cells are more susceptible to the effects of Ik blockage
than epicardial or endocardial cells because the Iks current is smaller in these
cells (Antzelevitch et al, 1999), which results in a more severe, prolonged action
potential in the cell residing in the middle of the myocardial wall (Antzelevitch
& Sicouri, 1994). This result potentially induces the spatial dispersion of
repolarization and amplifies the risk of TdP arrhythmias in patients suffering
from an acquired, prolonged QT interval by enhancing the electrical
vulnerability of the ventricles (Antzelevitzh & Sicouri, 1994; Antzelevitzh,
2005). On the other hand, the drugs blocking Ik: channels may induce the
prolonged QT interval only in individuals who are already sensitive for to a

prolonged interval (Roden, 2005).

2.3.2. Genetic defects behind long QT syndrome types 1 and 2 in Finland

Four founder mutations account for 73 % of the LQTS cases in Finland. Two of
the mutations are located in the KCNQ! gene and are called KCNQI1-FinA and
KCNQI1-FinB. The other two mutations reside in #ERG and have been named
hERG-FinA and hERG-FinB (Figure 9). KCNQI1-FinA is a missense mutation
located at amino acid residue 589 and changes a glycine into an asparagine acid
(G589D). KCNQ1-FinB is an intronic mutation (ivs7-2A>QG) causing alterations
in splicing. Both of these mutations are located at the C-terminal domain of
KCNQI1. hERG-FinA and -B are both missense mutations; hERG-FinA changes
the leucine into a serine at position 552 (L552S), which is in the fifth
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transmembrane domain. hERG-FinB changes an arginine into a tryptophan at
amino acid residue 176 (R176W), which is located in the N-terminal domain of

the protein (Fostad et al, 2004).

2.4. Modeling long QT syndrome

In previous years, drug-induced LQTS has primarily been studied using
experimental animals, such as dogs or monkeys (Sugiyama 2008). More
recently, a small species of mini-pig has been used as an animal model for
acquired LQTS (Sugiyama et al, 2011). The studies on congenital LQTS on the
other hand, have relied on the usage of non-cardiac cells, such as fibroblasts that
were transfected either with the wild type or mutated gene encoding the ion
channel of interest (Paavonen et al, 2003). Neither of these approaches is
optimal for studying the function of the human heart or human cardiac cells.
Human iPS cell technology (Takahashi et al, 2007) enabled a novel
mode for modeling LQTS as well as other human diseases. With this approach,
LQTS can be studied in human cardiac myocytes, which are the only type of
cells that have the appropriate cellular environment for LQTS studies. An even
better option would be to use primary cardiomyocytes, but these cells are very
difficult to obtain and maintain functional in cell culture (Mitcheson et al,
1996). Thus, human iPS cells have been used for LQTS modeling by several
research groups (Bellin et al, 2013; Moretti et al, 2010; Itzhaki et al, 2011; Ma
et al, 2013; Malan et al, 2011; Matsa et al, 2011; Davis et al, 2012; Egashira et
al, 2012; Terrenoire et al, 2013; Yazawa et al, 2011). The current models of
LQTS based on iPS cell technology have been extensively reviewed by
Friedrichs, Malan and Sasse (Friedrichs et al, 2013), as well as by Egashira and
colleagues (Egashira et al, 2013). More recently also Savla and colleagues

reviewed various cardiovascular diseases that have been modeled using iPS cell
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-derived cardiomyocytes, as weel as the utilization of these models for drug

discovery and toxicity studies (Savla et al, 2014).

2.4.1. Characterization of the disease phenotype in long QT syndrome
-specific cardiomyocytes cardiomyocytes

The approximation of gene expression, structural characterization and
evaluation of beating activity are traditionally used as criteria for cardiac
differentiation and the characterization of cardiomyocytes (Gai et al, 2009).
Functional parameters, such as electrophysiological measurements and calcium
imaging, are crucial characterization methods when the disease cardiac
phenotype is to be distinguished from the normal one (Yokoo et al, 2009; Zhang
et al, 2009; Zwi et al, 2009). An important consideration is the comparison of
wild type and disease phenotypes because of the possible immature
characteristics of iPS cell-derived cardiomyocytes (see section 2.2.6.4. Calcium
handling in cardiomyocytes derived from pluripotent stem cells).

The first human iPS cell -based model for LQTS regarded subtype 1
(Moretti et al, 2010). This model showed a 75 % reduction in the Iks amplitude
compared to control cells, altered activation and kinetics of the Iks current and
prolonged AP duration as measured by the patch clamp -technique. In addition,
pacing induced shortening of the AP duration in control cells quite efficiently,
while in LQT1-specific cardiomyocytes, the effect was rather poor (Moretti et
al, 2010). This result is consistent with the fact that the mutated Iks current is not
able to increase properly in response to -adrenergic signals (Amin et al, 2010).
In addition, the LQT1-specific cardiomyocytes showed catecholamine-induced
EADs, which were attenuated using a B-blocker (Moretti et al, 2010). Indeed, -
adrenergic-blocking drugs are known to suppress arrhythmia events in LQT1
patients (Amin et al, 2010). Later, LQT1 was modeled by another group, and

this model was evaluated using the patch clamp -method as well as a MEA
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setup. Again, an approximately 75 % reduction in Iks current densities were
identified, and the LQTI-specific AP durations, as well as FPDs, were
prolonged compared to control cells (Egashira et al, 2012).

iPS cell -derived LQT2 cell models have been introduced by our group
(I) and three other research groups (Bellin et al, 2013; Itzhaki et al, 2011; Matsa
et al, 2011). The first LQT2 model based on iPS cell technology was tested
using the patch clamp -technique and MEA. The LQT2-specific cardiomyocytes
showed an approximately 60 % reduction in Ik current and prolonged AP and
FP durations compared to control cells (Itzhaki et al, 2011). In addition, the
LQT2 cells exhibited marked arrhythmic activity, which were observed as the
development of EADs in 66 % of the cardiomyocytes and premature beats in 36
% of the cardiac cells. A Ca*" blocker and ATP-sensitive potassium (Katp)
channel opener were able to abolish the EADs and reduce the AP duration in the
LQT2-specific cells (Itzhaki et al, 2011). Another model for LQT2 exhibited
prolonged APs and FPDs as measured by patch clamp and MEA (Matsa et al,
2011). The application of a B-adrenergic agonist reduced the AP duration but
also induced EADs, which then abolished by B-blockers. K channel activators
were able to reduce the AP duration in LQT2-specific cardiomyocytes, and no
EADs occurred (Matza et al, 2011). More recently, Bellin and colleagues
published an improved iPS cell -based model for LQT2 (Bellin et al, 2013): iPS
cells were derived from a patient with congenital LQT2, differentiated into
cardiomyocutes and used as a disease model, but also the mutation in the iPS
cells was corrected to create genetically defined control cells for the LQT2
model. The correction of the mutation normalized the Ikr current and the AP
duration (Bellin et al, 2013).

LQT3 has been modeled using iPS cells generated from a mouse model
carrying a human mutation in the cardiac Na* channel (Malan et al, 2011), and

more recently also from patients with LQT3 (Ma et al, 2013; Spencer et al,
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2014; Terrenoire et al, 2013). The first model revealed similar Na® current
densities and steady state activation and inactivation properties in LQT3-
specific and control cardiomyocytes. However, the recovery from inactivation
was faster in LQT3-specific cells, and the late Na® currents were larger
compared to control cells. In addition, the AP duration was minimally affected
by pacing rates in the control cardiomyocytes, but in LQT3-specific cells, the
AP was quite prolonged at lower pacing rates, which is consistent with the fact
that LQT3 patients suffer from symptoms usually when the beating frequency is
low. In addition, EADs were found in 50 % of the LQT3-specific cardiac
myocytes at low pacing rates but not in control cells (Malan et al, 2011).
Another study used LQT3-specific iPS cells derived from a patient and
differentiated them to cardiomyocytes. In that study very pronounced rate
dependence of Na“ current was also found in LQT3-specific cardiomyocytes
(Terrenoire et al, 2013) Ma and colleagues published yet another iPS cell -based
model for LQT3 which demonstrated that a dominant mutation of the gene
coding for Na* channel -subunit, significantly prolonged AP duration (Ma et al,
2013). Also, Spencer and colleagues demonstrated that in LQT3 specific
cardiomyocytes the AP duration was markedly prolonged. In addition, that
study showed that also intracellular Ca®" transients were prolonged. LQT3
specific cardiomyocytes often incorporated long trains of EADs, and oscillating
contractions were observed but this oscillation was not further analysed
(Spencer et al, 2014). iPS cells have also been generated from cells of a patient
carrying a complex mutation in the Na" channel. This mutation results in both
gain- and loss-of-function effects and leads to a mixed phenotype of both LQT3

and Brugada syndrome, another cardiac disorder (Davis et al, 2012).
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2.4.2. Challenges with the development of long QT syndrome
-specific induced pluripotent stem cells and their
differentiation into cardiomyocytes

The general challenges concerning all disease models utilizing iPS cell
technology are safety, efficiency and speed, and these challenges become even
more important if clinical aspects are considered. Low efficiency and kinetics of
induction of iPS cells with non-viral and non-genetic methods, risk of
mutagenesis and tumors when the methods based on genetic alterations are
used, and re-activation of silenced transgenes if the gene transfer is
implemented using retroviruses are some examples of the challenges related to
iPS cell production. If the iPS cells are to be used clinically, the optimal xeno-
free production of the cells and culture conditions are required (for a review, see
Lai et al, 2011 and Walia et al, 2012).

The differentiation of cardiomyocytes from iPS cells also involves
challenges that are related to the efficiency of differentiation, as well as the high
costs of growth factors and complex differentiation protocols. Pure populations
of cardiomyocytes cannot be produced, and the sorting and enrichment of
cardiac cells have been challenging because cardiac-specific surface markers are
not known (Mummery, 2010). However, activated leukocyte cell adhesion
molecule (ALCAM) (Rust et al, 2009) and vascular cell adhesion molecule 1
(VCAM1) (Uosaki et al, 2011) have been used for the purification and
enrichment of cardiomyocytes. In addition, a fluorescent dye that labels
mitochondria has been shown to mark cardiomyocytes derived from human
pluripotent stem cells (Hattori et al, 2010). Nevertheless, different subtypes of
cardiomyocytes cannot be produced in a controlled manner, and instead, the
differentiated cardiomyocytes are a mixed population of ventricular-, atrial- and
nodal-like cardiac myocytes, as well as non-cardiac cells. In addition, the

maturity of differentiated cardiomyocytes should be considered. iPS cell -

72



derived cardiomyocytes appear to be immature in their Ca** handling (Liu et al,
2007; Liu et al, 2009; Fu et al, 2010), and this immaturity may result in an
inadequate phenotype that must not be confused with the disease characteristics.

With respect to the models of LQTS, an important question is the
sufficiency of the phenotype, and the methods that are appropriate for the
detection of the phenotype need to be considered. The clinical phenotypes of the
disease vary among the patients, and the different mutations seem to result in
different severities and manifestations (Shimizu, 2003). In addition, a large
variation in phenotype can occur among family members carrying the same
mutation (Moss & Kass, 2005). For the criterion of a sufficient phenotype for

LQTS models, this heterogeneity of the disease causes additional challenges.

2.4.3. Possibilities for induced pluripotent
stem cell technology in cardiac research

In spite of the variety of challenges described above and the immature nature of
iPS cell -derived cardiomyocytes, pluripotent stem cells have enabled cardiac
research in a novel way. The first revolutionary event was the differentiation of
human ES cells into cardiomyocytes (Kehat et al, 2001). Before that study, the
options to study cardiac function and dysfunction had been the usage of either
quite large animal models (Sugiyama 2008; Sugiyama et al, 2011) or
alternatively non-cardiac human cells expressing only the cardiac ion channel of
interest (Paavonen et al, 2003). Obtaining primary human cardiomyocytes
involves certain obstacles related to cardiac biopsy as well as maintaining the
cardiac myocytes in vitro (Mitcheson et al, 1996). Because human iPS cells
have been differentiated into cardiomyocytes (Zhang et al, 2009),
cardiomyocytes with a defined genotype can be studied. The possibility to
generate disease- and patient-specific iPS cells and differentiate those cells into

cardiomyocytes has opened new possibilities for cardiac research. These cells
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can be used for in vitro disease modeling, studying the basic pathology of
cardiac diseases, drug screening, designing personalized medications for
patients, and developing and screening new drugs not only for cardiac diseases
but also to reveal possible cardiac side effects of other drugs. Studies have
already demonstrated that cardiomyocytes originating from different patients
with distinct clinical phenotypes also reproduce different phenotypes in cell
culture (Davis et al, 2012; Egashira et al, 2012; Itzhaki et al, 2011; Malan et al,
2011; Matsa et al, 2011; Moretti et al, 2010) even if the cells have the same
LQTS-related mutation (Matsa et al, 2011). These phenomena need more
detailed study before iPS cell -derived cardiomyocytes can be utilized for
example, for designing personalized treatments for the patients. Genetic
background variation between different patients may be overcome by targeted
gene correction (Bellin et al, 2013) or by allele-specific RNA interference
(Matsa et al, 2014). Both of these techniques have been shown to normalize the
AP duration and the defected K* current in the cells, and that allows the use of
these corrected or RNA-treated cells as controls for the original cell population
with the disease. In the future, cardiomyocytes derived from pluripotent stem
cells may also be used for regenerative medicine, although clinical applications

face even more challenges than other uses of iPS cells.
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3. Aims of the study

The aim of the first study (I) was to develop a cell model for long QT syndrome
type 2 (LQT2) utilizing patient-specific induced pluripotent stem cells. With
this model, the objective was to recapitulate the disease phenotype of LQT2
using electrophysiological measurements and to validate the model with regards
to its capacity for subsequent studies.

In the second study (II), we aimed to develop a novel method that could
be used together with traditional methods to characterize cardiomyocytes. The
new method was intended to be informative and reliable but still easy to use and
gentle on the cells. The study was conducted together with experts at Tampere
University of Technology.

The aims of the third study (III) were firstly to prove that the method
introduced in the second work (II) can distinguish LQTS-specific
cardiomyocytes from control cells. Second, we aimed to explore the phenotype
of LQT]1 that is caused by different mutations more closely using variety of

methods and comparing the results gathered by different means.
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4. Materials and methods

The following paragraphs concerning materials and methods apply to studies I-

11 if not mentioned otherwise.

4.1. Ethical approval

The 1PS cell lines used in studies I-III were generated in BioMediTech (BMT),
University of Tampere with permission from the ethical committee of
Pirkanmaa Hospital District (R08070). Written consent for the research was also

obtained from all the skin biopsy donors.

4.2. Patient characteristics and derived pluripotent cell lines

In the present studies, two LQT1 patients were investigated. From skin
fibroblasts of a 46-year-old female who carried a G589D mutation in KCNQ1
(KCNQI-FinA), two iPS cell lines were generated: UTA.00208.LQT1 and
UTA.00211.LQT1. This patient was having episodes of unconsciousness and
syncope, although her QTc was 456 ms, which is normal for a female. Another
LQT1 patient was a Sl-year-old female carrying an ivs7-2A>G mutation in
KCNQI (KCNQI1-FinB). Two iPS cell lines, namely UTA.00102.LQT1 and
UTA.00118.LQT1, were derived and characterized from this patient. This
patient has suffered from dizziness, darkening of vision and more recently
episodes of unconsciousness. Her QTc was abnormally long at 492 ms.

The LQT2 patient was a 61-year-old male with a R176W-mutation in
hERG (hERG-FinB). His QTc interval observed in an ECG was 437 ms, and he
was asymptomatic except for occasional palpitations. Nevertheless, his sister

died suddenly at the age of 32 with diagnosed LQTS, a QTc of 550 ms and

77



previous palpitations. Two iPS cell lines were established from skin fibroblasts
from this patient: UTA.00514.LQT2 and UTA.00525.LQT2.

The control iPS cell lines were generated from a healthy individual, a
55-year-old female. Similar to the LQTS-specific lines, two iPS cell lines were
used as controls for the studies (UTA.04602.WT and UTA.04607.WT). As a
control, the pluripotent stem cells of human ES cell line H7 (WiCell Research
Institute, Madison, WI, USA) and one iPS cell line (UTA.00112.hFF) derived

from a cell line of human foreskin fibroblasts were used.

4.3. Cell culture

4.3.1. Primary fibroblasts, commercial cell lines and END-2 cells

Skin biopsies (& 4 mm) obtained from the lower back of the donors were
cultured in 0.2 % gelatin (Sigma-Aldrich, St. Louis, MO, USA) -coated flasks
under fibroblast culturing conditions: Dulbecco’s Modified Eagle Medium
(DMEM, Lonza, Basel, Switzerland) supplemented with 10 % fetal bovine
serum (FBS, Lonza), 2 mM GlutaMAX (Life Technologies Ltd., Paisley, UK),
50 U/ml of penicillin / streptomycin (Lonza) and 0.25 pl/ml of amphotericin B
(Merck Millipore, Billerica, MA, USA). After the first passaging, the primary
fibroblasts were further cultured without amphotericin B.

293FT cells (Life Technologies Ltd) were also cultured in fibroblast
culturing conditions with the addition of 1 % nonessential amino acids (NEAA,
Cambrex, East Rutherford, NJ, USA). Plat-E cells (Cell Biolabs, San Diego,
CA, USA) and irradiated or mitomycin C (Sigma-Aldrich) -treated mouse
embryonic fibroblasts (MEF, Merck Millipore) were maintained in the same
conditions but without antibiotics.

END-2 cells were grown in a 1:1 mixture of DMEM and Ham’s F12
medium (Lonza) containing 7.5 % FBS, 50 U/ml of penicillin / streptomycin, 1
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% NEAA and 2 mM GlutaMAX. To arrest the cells from dividing, the cells
were treated with 0.02 mg/ml of mitomycin C for 3 hours and used as feeder
cells for cardiac differentiation (Mummery et al, 1991). All cells were grown at

37 °C with 5 % COa.

4.3.2. Induced pluripotent stem cell culture

iPS cells were maintained in human ES cell (hESC) medium: knockout (KO) -
DMEM containing 20 % knockout serum replacement (KSR, Life Technologies
Ltd), 2 mM GlutaMAX, 1 % NEAA, 0.2 % B-mercaptoethanol (Life
Technologies Ltd) and 50 U/ml of penicillin and streptomycin. Immediately
prior to use, basic fibroblast growth factor (bFGF, R&D Systems, Minneapolis,
MN, USA) was added into the medium at a final concentration of 4 ng/ml. Fresh
medium was applied to the iPS cells every other day, and the culture conditions
were 37 °C and 5 % COz. The cell lines were passaged once a week; the feeder
cells were mechanically removed, and then the iPS cells were treated with
collagenase type IV (Life Technologies Ltd) for approximately five minutes and
plated onto fresh feeder cells in hRESC medium.

4.4. Generation and characterization of
induced pluripotent stem cells

4.4 1. Establishment of induced pluripotent stem cell lines

iPS cells were generated using the original protocol (Takahashi et al, 2007) that
utilizes lentivirus infection to transfer the receptor for murine viruses into
human fibroblasts followed by retrovirus infection to transfer the pluripotency
genes (Oct4, Sox2, K1f4 and c-Myc) into the cells.

293FT cells were used for lentivirus production. ViraPower packaging

mix (pLP1, pLP2 and pLP/VSVG mixture, Life Technologies Ltd) and 3 pg of

79



pLenti6/UbC (Addgene, Cambridge, MA, USA) encoding the mouse Sic7al
gene were transfected into 293FT cells using Lipofectamine 2000 (Life
Technologies Ltd). Twenty-four hours after transfection, the medium was
changed, and after 48 hours, the viral supernatant was collected for infection
and filtrated through a 0.45 um pore size filter.

Primary human fibroblasts were seeded at 8 x 10° cells per 100 mm dish
and incubated overnight at 37 °C and 5 % CO:x prior to infection. To infect the
cells, the medium was replaced with 10 ml per dish of the virus-containing
supernatant supplemented with 4 pg/ml polybrene (Sigma-Aldrich) and
incubated overnight. Twenty-four hours after transduction, the virus-containing
medium was replaced with fresh medium.

One week after the lentivirus infection, the fibroblasts were infected
with retroviruses that were produced in Plat-E cells using FuGENE 6 (Roche
Diagnostics, Mannheim, Germany) to transfect 9 pg of pMXs plasmid DNAs
(encoding human OCT4, SOX2, KLF4 and c-MYC, Addgene) into the cells.
Human fibroblasts expressing the mouse Slc7al gene were counted and plated
onto 100 mm dishes (8 x 10° cells / dish) one day before the first retrovirus
infection. Fibroblasts were infected two times; the viral supernatant was
collected and transferred onto fibroblasts 24 and 48 hours after the transfection
of Plat-E cells. Before infection, the viral supernatant was filtered through a
0.45 pm pore size filter, and polybrene was added to the filtrated virus-
containing medium at a final concentration of 4 pg/ml. Fibroblasts were
incubated with the polybrene/virus-containing medium overnight at 37 °C and 5
% COz, then fresh medium was applied to the cells two times per week.

One week after infection, the fibroblasts were plated onto MEF feeder
cells at three different densities: 2.5 x 10%, 5 x 10%, and 1 to 5 x 10° cells per

dish. The cells were incubated overnight in DMEM, and then they were
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maintained in hESC medium that was changed every other day until the
colonies were large enough for iPS cell line derivation.

iPS cell colonies were isolated around day 30 under the microscope,
transferred onto 24-well plates with MEF feeder cells in hESC medium and
incubated at 37 °C and 5 % COz. Usually after approximately seven days, the
cells reached 80-90 % confluence, and they were passaged onto 6-well plates
and maintained as described previously. From one donor of fibroblasts, two iPS
cell lines were selected for further culturing, and for those cell lines, the

following characterizations were performed.

4.4.2. Karyotype analysis of the cells

Normal karyotypes of the iPS cell lines were verified using standard G-banding
chromosome analysis. This analysis was performed according the standard
procedure (Schreck & Disteche, 2001) by a commercial company (Medix

Laboratories, Espoo, Finland).

4.4.3. Expression of pluripotency markers

4.4.3.1. Reverse transcription polymerase chain reactions

RNA was isolated from the iPS cells using a RNA II kit (Macherey-Nagel
GmbH & Co, Diiren, Germany), and the RNA concentrations were measured
with a NanoDrop (ND-1000, Thermo Scientific, Wilmington, DE, USA). For
reverse transcription (RT) reactions, 200 ng of RNA were used in the high-
capacity cDNA reverse transcriptase kit (Life Technologies Ltd). The RT
reactions were executed as follows: 10 minutes at 25 °C, 120 minutes at 37 °C,
and 5 seconds at 85 °C. The samples were stored at 4 °C or for longer periods at
-20 °C. PCR was conducted with Dynazyme II (Thermo Scientific) using 1 pl of

cDNA and primers at a final concentration of 2 uM. The primer sequences are
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listed in Table 4. As a positive control for the expression of exogenous
transgenes, PCR was also conducted using the transfected plasmids (hOCT3/4,
hSOX2, hKLF4 and hc-MYC) as templates. f-actin and GAPDH were used as
housekeeping control genes. The PCR reaction conditions were: 2 minutes at 94
°C, followed by 35 cycles of 30 seconds at 94 °C, 30 seconds at X °C and 1
minute at 72 °C, and finally the reactions were terminated with 5 minutes at 72
°C. X designates the annealing temperatures, which were 60 °C for endogenous
Oct4, Sox2 and c-Myc; 55 °C for Rex1, B-actin and all exogenous genes; and 45
°C for Nanog (Table 4). The samples were stored at 4 °C or -20 °C if longer

storage was needed.

4.4.3.2. Agarose gel electrophoresis

The products from the PCR reactions were run on 2 % agarose (PeqGold
Universals, PEQLAB Biotechnologie GMBH, Erlangen, Germany) gels
containing 0.5 pg/ml of ethidium bromide (EtBr, Fisher Scientific Oy, Vantaa,
Finland). Electrophoresis was conducted with 80 V for one hour with a 50 bp
ladder (Thermo Fisher Scientific, Inc., Waltham, MA, USA), and the samples
were prepared using 6 x loading buffer (Thermo Fisher Scientific, Inc.). The
gels were studied and photographed using UVIdoc gel documentation

machinery (UVItec Limited, Cambridge, UK).
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Table 4. Sequences of the primers used for reverse transcriptase polymerase chain reactions (RT-
PCR). All the primers used to detect pluripotency markers as well as markers of cardiomyocytes and
different germ layers in embryoid bodies are listed here. In addition, the sizes of the PCR products in

base pairs (bp) and the annealing temperatures (Ann. °C) are stated in the table below.

GENE Forward primer Reverse primer Size | Ann.

(bp) | (°C)
exo-Oct4 get cte cca tge att caa act ga ccc tit ttc tgg aga cta aat aaa 250 55
€x0-Sox2 ttc aca tgt ccc age act acc aga gac atg gce tge ccg gtt att att 225 55
exo-Klf4 cca cct cgc ctt aca cat gaa ga ccc tit ttc tgg aga cta aat aaa 275 55
exo-cMyc ata cat cct gtc cgt cca agc aga ccc ttt ttc tgg aga cta aat aaa 350 55
endo-Nanog cca aca tcc tga acc tca gc att gtt cca ggt ctg gtt gc 287 45
endo-Oct4 gac agg ggg agg gga gga gct agg ctt cce tee aac cag ttg ccc caa ac 144 60
endo-Sox2 999 aaa tgg gag ggg tgc aaa aga gg ttg cgt gag tgt gga tgg gat tgg tg 151 60
endo-Rex1 cag atc cta aac agc tcg cag aat gcg tac gea aat taa agt cca ga 306 55
endo-c-Myc gcg tce tgg gaa ggg aga tce gga gc ttg agg ggc atc gtc gcg gga ggce tg 328 60
AFP aga acc tgt cac aag ctg tg gac agc aag ctg agg atg tc 672 55
AFP gct gga ttg tct gca gga tgg gga a tcc cct gaa gaa aat tgg tta aaa t 216 60
PAX6 aac aga cac agc cct cac aaa ca cgg gaa ctt gaa ctg gaa ctg ac 274 60
a-cardiactin gga gtt atg gtg ggt atg ggt ¢ agt ggt gac aaa gga gtagcc a 486 55
SOX17 cgc acg gaa ttt gaa cag ta cac acg tca gga tag ttg cag 166 55
SOX1 aaa gtc aaa acg agg cga ga aag tgc ttg gac ctg cct ta 158 55
VEGFR2 gtg acc aac atg gag tcg tg tgc ttc aca gaa gac cat gc 218 60
TNNT2 atc ccc gat gga gag aga gt tct tet tet ttt ccc get ca 385 55
MLC2v got gct gaa ggc tga tta cgt t tat tgg aac atg gcc tct gga t 382 55
MLC2a gtc ttc ctc acg cte ttt gg gcce cct cat tec tet tte te 269 55
Cx-34 tac cat gcg acc agt ggt geg ct gaa ttc tgg tta tca tcg ggg aa 270 55
MYH7 agce tgg ccc age ggce tge agg ctc cat ctt ctc ggc cte cag ct 443 55
GATA4 gacgggtcactatctgtgcaac aga cat cgc act gac tga gaa ¢ 474 55
HERG gaa cgc ggt gct gaa ggg ct aac ttg cgc ttg cgt tgc cg 527 55
B-actin gtc ttc ccc tee ate gtg ggg gtg ttg aag gtc tca aa 302 60
GAPDH agc cac atc gct cag aca cc gta ctc agc gec age atc g 302 55
KCNQ1-FinA ttg act ctc agc tac ctc cc tgc agg agc ttc acg tic ac 267 60
KCNQ1-FinB ggg gag ctg tag ctt cca ta agc caa atg cat ggt gag at 300 60
hERG-FinB acc acg tgc cte tec tet ¢ gtc ggg gtt gag gct gtg 330 62
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4.4.3.3. Immunocytochemical staining of pluripotency markers

iPS cell colonies were fixed with 4 % paraformaldehyde (PFA, Sigma-Aldrich)
for 20 minutes and washed three times before and after fixation using phosphate
buffered saline (PBS). For the detection of pluripotency markers by
immunocytochemistry, the following antibodies were used: anti-Oct4 (1:400,
R&D Systems), anti-tumor related antigen 1-60 (TRAI1-60, 1:200, Merck
Millipore), anti-Sox2, anti-Nanog, anti-stage specific embryonic antigen 4
(SSEA4) and anti-TRAI1-81 (all 1:200, and from Santa Cruz Biotechnology,
Santa Cruz, CA, USA). The secondary antibodies were Alexa fluor 568 donkey
anti-goat IgG, Alexa fluor 568 goat anti-mouse IgM or Alexa fluor 568 donkey
anti-mouse IgG (all from Life Technologies Ltd). Blocking was performed with
10 % NDS, 0.1 % Triton X-100 and 1 % BSA in PBS for 45 minutes at room
temperature. The samples were incubated with the primary antibodies at 4 °C
overnight (1 % NDS, 0.1 % TritonX-100, 1 % BSA in PBS) and with the
secondary antibodies for one hour at room temperature protected from the light
(1 % BSA in PBS). After the secondary antibody incubation, the samples were
mounted with Vectashield containing DAPI (Vector Laboratories, Inc.,
Burlingame, CA, USA) and stored protected from the light at 4 °C. The stained
cells were monitored and photographed using an Olympus IX51 phase-contrast
microscope containing fluorescent optics (Olympus Corporation, Tokyo, Japan)

and an Olympus DP30BW camera (Olympus Corporation).

4.4 4. Differentiation capacity of the cells

4.4.4.1. Embryoid body formation -assay

For embryoid body (EB) formation, the MEF feeder cells were mechanically
removed, and iPS cell colonies were detached from the bottom of the cell

culture plate. The colonies were retained as whole as possible and moved onto
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low attachment plates in EB medium containing KO-DMEM supplemented with
20 % FBS, 2 mM GlutaMAX, 50 U/ml of penicillin/streptomycin and 1 %
NEAA. The medium was changed once per week, and EBs were grown for 5-6
weeks before the cells were lysed. RNA was isolated and purified from the cell
lysates using a RNA II kit and converted into cDNA similarly as described for
undifferentiated colonies (see above). PCR reactions were conducted as follows:
2 minutes at 94 °C followed by 40 cycles involving 30 seconds at 94 °C, 30
seconds at 55 or 60 °C, and 1 minute at 72 °C, and the final step was 5 minutes
at 72 °C. The samples were stored at 4 °C or -20 °C if electrophoresis was not
performed during the next 24 hours. The PCR reactions were run on 2 %
agarose gels in the same manner as the products from the PCR reactions for

pluripotency markers (see above).

4.4.4.2. Teratoma formation and analysis

The teratoma formation assay was performed by injecting iPS cells into the
testis capsules of immunodeficient mice. Eight weeks after injection, the mice
were sacrificed, and tumor samples were collected. For microscopy, the samples
were fixed in 4 % PFA and stained with hematoxylin and eosin. Teratoma
assays were conducted in Helsinki by professors Timo Otonkoski and Hannu

Sariola (University of Helsinki, Helsinki, Finland).

4.4.5. Mutation analysis of the cell lines

The generated iPS cell lines were assayed by PCR and restriction enzyme
reactions to detect the correct mutations in KCNQ! and AERG in the genomic
DNA. DNA was isolated using a DNA Tissue XS kit (Macherey-Nagel GmbH
& Co) and multiplied with AmpliTaq 360 Polymerase (Life Technologies Ltd).
In total reaction volume of 40 pl, 100 ng of template, 2 mM MgClz, 200 uM
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NTPs, 0.5 uM primers (see Table 4, Biomers.net GmbH, Ulm, Germany) and 1
U / ul of enzyme were used. The reactions were conducted as follows: 96 °C for
10 minutes, 35 cycles of 96 °C for 30 seconds, 60 °C for 30 seconds, and 72 °C
for 2 minutes, and then 72 °C for 5 minutes. For the hERG-R176Wmutation, the
annealing temperature was 62 °C instead of 60 °C.

The digestion for KCNQ1-G589D was performed with HIN6I (Thermo
Fisher Scientific, Inc.) in Tango Buffer (Thermo Fisher Scientific, Inc.) and the
digestion for KCNQI1-ivs7-2A>G was performed with Ddel (Thermo Fisher
Scientific, Inc.). The hERG-R176W mutation was detected using Smal (Thermo
Fisher Scientific, Inc.) in Tango Buffer. All reactions were performed with 10 pl
of PCR reaction in a total volume of 20 pl at 37 °C overnight.

The products from the digestion reactions were run on a 4 % agarose gel
(EuroClone S.p.A., Milano, Italy) with 80 V for two and a half hours. The
following results were expected: KCNQI1: G589D-WT generates product sizes
of 146, 82 and 39 bp; G589D-Hez results in 185, 146, 82 and 39 bp; ivs7-
2A>G-WT produces product sizes of 228, 39 and 33 bp; and ivs7-2A>G-Hez
produces sizes of 261, 228, 39 and 33 bp. The homozygous results are as
follows: G589D-Hoz: 185 and 82; ivs7-2A>G-Hoz: 261 and 39. For hERG, the
R176 W-WT mutation results in digestion products with sizes of 182, 79, 46 and
23 bp, and the R176W-Hez should produce sizes of 182, 125, 79, 46 and 23 bp.
The homozygous results for R176 W-Hoz should be 182, 125 and 23 bp.

4.5. Cardiac differentiation and biochemical
analysis of cardiomyocytes

4.5.1. Differentiation

To initiate cardiac differentiation, the iPS cell colonies were dissected

mechanically into small aggregates containing a few hundred cells. These
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aggregates were plated on mitomycin C -treated END-2 cells and co-cultured in
hESC medium with no serum, serum replacement or bFGF (Mummery et al,
2003). The medium was supplemented with 2.92 mg/ml of ascorbic acid
(Sigma-Aldrich, Takahashi et al, 2003) and changed on days 5, 8 and 12. On
day 14, serum (10 %) was added to the medium, and ascorbic acid was no
longer used. Colonies were monitored daily with phase-contrast microscopy
(Nikon Eclipse TS100, Nikon Corporation, Tokyo, Japan) to detect

spontaneously beating aggregates.

4.5.2. Reverse transcriptase polymerase chain reactions

Total RNA was isolated from the beating aggregates using a RNA XS kit
(Macherey-Nagel GmbH & Co), and the concentrations of RNA were measured
with a NanoDrop. RNA (50 - 200 ng) was used for RT reactions that were
implemented with the high-capacity cDNA reverse transcriptase kit in a similar
manner as for pluripotency markers (described above). PCR was conducted
using Dynazyme II, 1 pl of cDNA as a template and 2 uM primers (listed in
Table 4). PCR reactions were conducted similarly as described in the EB
formation assay section. The storage temperature for PCR reactions was 4 °C or

-20 °C for longer storage.

4.5.3. Immunocytochemical characterization

4.5.3.1. Dissociation of the cardiomyocytes

The beating aggregates were isolated using a micro scalpel, collected into
culture medium and washed for 30 minutes at room temperature with buffer
containing 1 M each NaCl, KCI, MgSOs, Na-pyruvate, glucose and HEPES and
0.1 M taurine pH-corrected to 6.9 using NaOH. The aggregates were then

incubated in enzyme buffer (previous buffer supplemented with 1 M CaCl: and
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1 mg/ml of collagenase A (Life Technologies Ltd)) at 37 °C for 45 minutes and
then at room temperature for one hour in a buffer consisting of 1 M each
K2HPO4, MgS0O4, EGTA, Na-pyruvate and glucose, 0.1 M creatine and taurine,
and 2 mmol/l of Na;ATP pH-corrected to 7.2 using NaOH. After the
incubations, the aggregates were re-suspended in EB medium by pipetting up
and down to break up the cell clusters (approximately 2 - 5 times), and the
dissociated cells were allowed to attach onto gelatin-coated (0.1 % for one hour)

wells of a 24-well plate at 37 °C in EB culture medium.

4.5.3.2. Fixation and staining of the cells

Approximately seven days after dissociation, the cardiomyocytes were fixed in
a similar manner as the iPS cells (see above) and stained with anti-cardiac
troponin T (1:2000, Abcam, Cambridge, MA, USA), anti-a-actinin (1:1500,
Sigma-Aldrich), anti-connexin 43 (1:1500, Merck Millipore), anti-MHC (1:100,
Merck Millipore), anti-MLC2v (1:150, Synaptic Systems, Goettingen,
Germany) and anti-MLC2a (1:300, Synaptic Systems). The secondary
antibodies (Life Technologies Ltd) used were Alexa fluor 568 donkey anti-goat
IgG, Alexa fluor 568 goat anti-mouse IgG, Alexa fluor 488 goat anti-mouse IgG
or Alexa fluor 488 donkey anti-rabbit IgG. The stained cardiomyocytes were
monitored and photographed using the same microscope and camera used for

the stained pluripotent cells.

4.6. Cardiac field potential recordings and analysis

Spontaneously beating cell aggregates were mechanically excised and plated in
EB medium onto MEA chambers that were previously coated with FBS for 30
minutes and 0.1 % gelatin for one hour. The medium was changed every other

day.
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The FP recordings were performed with the MEA platform (Multi
Channel Systems MCS GmbH, Reutlingen, Germany) at 37 °C. For data
acquisition, the MC rack software (Multi Channel Systems MCS GmbH) was
used, and FPDs and beating frequencies were designated manually using
AxoScope software (Molecular Devices, Sunnyvale, CA, USA). Recordings
were two minutes long and were implemented after 2 minutes of stabilization.
The beating rate corrected FPDs (cFPD) were counted using Bazett’s formula
(Indik et al, 2006).

For testing the pharmacological responses of the iPS cell -derived
cardiomyocytes, D,L-sotalol (Sigma-Aldrich) was dissolved in dimethyl
sulphoxide (DMSO, Sigma-Aldrich) at a concentration of 10 mM. E-4031
(Alomone labs, Jerusalem, Israel) was dissolved in sterile H.O at a
concentration of 1 mg/ml. Isoprenaline (Isuprel, Hospira, Lake Forest, IL, USA)
was ready to use as supplied. The dilutions for drug tests were performed using
EB medium containing 5 % FBS. All the MEA recordings (both baseline and
drug tests) were two minutes long and were performed after a 2 minute

stabilization phase.

4.7. Video recording and analysis (I, Il)

4.7.1. Video microscopy

The beating clusters were dissociated similarly as for immunocytochemical
staining (see above, 4.5.3.1.). Videos of dissociated cardiomyocytes were
recorded using phase-contrast microscopy (Nikon Eclipse TS100, Nikon
Corporation) and a digital video camera (Optika DIGI-12, Optica Microscopes,
Ponteranica, Italy or IGV-B1620, IMPERX, Boca Raton, FL, USA). During the

recordings, the cells were maintained under sterile conditions at 37 °C in EB
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medium, and the recordings for one plate lasted for a maximum of one hour.

One recording was 30 - 60 seconds long with 30 frames per second.

4.7.2. Beating analysis of cardiomyocytes

The LQT1-specific cardiomyocytes were first monitored visually. The cells that
were beating abnormally and those that were beating normally were counted,
and the relative portions of the beating types were calculated. For the beating
analysis, the abnormally and normally beating LQTI1-specific cells were
classified into different groups and analyzed separately.

The digital image correlation (DIC) method acquires images, stores
them in a digital form and performs an image analysis (Sutton et al, 2009). To
remove the disadvantage of DIC due to its emphasis on bright pixels in a
standard cross-correlation analysis, the minimum quadratic difference (MQD)
method was used. The DIC method uses a least-square principle for obtaining
the velocity vector field across the image based on two consecutive video
frames (Gui & Merzkirch, 1996).

From the recorded videos, the cardiomyocytes to be analyzed were
manually selected and cropped so that only the moving parts of the cells were
inside the region of interest (ROI). The focus points of the beating inside the
cells were approximated by eye, and the ROIs were divided into 8 sectors,
leaving the beating focus in the middle of the sectors. From every sector, two
sum vectors for velocity were calculated: the approximate radial component and
the approximate tangential component (see Figure 12 G-I). These vectors
resulted in 16 different signals: 8 radial and 8 tangential signals from every cell
analyzed. The beating analysis defined several measurements from the videos:
the time required for contraction, the time the cell remained contracted, the time
needed for relaxation, possible incomplete relaxation phase and the time the cell

remained relaxed. The beating frequency was also measured.
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The beating analysis was verified using artificial displacement images,
and the noise resistance of the method was tested by adding speckle noise to

each frame of the generated artificial video data.

4.8. Patch clamp -measurements and analysis (1, II, Ill)

The cardiomyocytes were dissociated for patch clamp -analysis as described for
immunocytochemistry (see above) except that the cells were plated onto
coverslips (sterilized with 70 % ethanol). Action potentials (APs) were recorded
from spontaneously beating dissociated cells in whole-cell configuration using a
perforated patch technique either at room temperature (I, III) or at 361 °C ().
Amphotericin B (Sigma-Aldrich) dissolved in DMSO (Sigma-Aldrich) was used
for membrane perforation at a final concentration of 0.24 mg/ml. The cells in
the recording chamber were perfused with an extracellular solution consisting of
(in mmol/l): 143 NaCl, 4 (I) or 5 (I, III) KCl, 1.8 CaClz, 1.2 MgCl, 5 glucose,
and 10 HEPES. The pH was adjusted to 7.4 with NaOH, and the osmolarity was
adjusted to 301£3 mOsm (Gonotec, Osmomat 030, Labo Line Oy, Helsinki,
Finland). The intracellular solution consisted of (in mmol/l): 122 KMeSOs, 30
KCL 1 MgClz2 and 5 (I) or 10 (II, IIT) HEPES. KOH was used to set the pH to
7.2 (I) or 7.15 (II, III), and the osmolarity was adjusted to 290+3 mOsm (I) or
29542 mOsm (11, IIT).

Patch clamp -recordings were digitally sampled at 10 kHz (I) or 20 kHz
(IT, IIT) and filtered at 2 kHz (I) or 5 kHz (II, III). The data were acquired and
analyzed with pClamp 9.2 (I) or pClamp 10.2 software (II, III) (Molecular
Devices).

Potassium channel blockers were used to investigate the function of the
channels. The Ikr current blocker, E-4031 (Sigma-Aldrich), (N-[4-[[1-[2-(6-
Methyl-2-pyridinyl)ethyl]-4-piperidinyl]carbonyl]phenyl]methanesulfonamide
dihydrochloride (Wettwer et al, 1991) was used at a final concentration of 100
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nM in HEPES-based perfusate (2.11 mM stock dissolved in H20 and stored at -
20 °C). The Iks blocker, 2-(4-Chlorophenoxy)-2-methyl-N-[5 [(methylsulfonyl)-
amino]tricyclo[3.3.1.13,7]dec-2-yl]-propanamide, JNJ303 (Tocris Bioscience,
Bristol, United Kingdom) (Towart et al, 2009) was used at a final concentration
of 300 nM in the same HEPES-based solution (the stock was 25 mM dissolved
in DMSO and stored at -20 °C). The perfusate with JNJ303 contained 0.03 %
DMSO from the stock solution; therefore, the baseline properties of five
cardiomyocytes were tested and found to be unaffected by 0.03 % DMSO alone.

4.9. Combining the patch clamp -method
and video analysis (Il)

Dissociated cardiomyocytes were recorded, and their concurrent action
potentials were acquired with patch clamp -measurements using a high
resolution 12 bit Andor XION 885 camera (Andor Technology plc., Belfast,
UK) mounted to an Olympus [X71 microscope (Olympus Corporation). Images
were acquired for 60 s with 50 frames per second using TILLvisION software.
The video data obtained simultaneously with patch clamp -measurements were
analyzed using the method described in the section “4.7.2. Beating analysis of
cardiomyocytes”. The data from this beating analysis were then integrated with
respect to time and compared with the patch clamp -data. The time between the

peaks of electrical activity and mechanical activity was calculated.

4.10. Calcium imaging (Ill)

For Ca’’-imaging, the cardiomyocytes were dissociated (see the description in
paragraph 4.5.3.1.) and plated onto coverslips. Approximately one week after
dissociation, the cells were loaded with 4 umol/l Fura-2 AM (Life Technologies
Ltd) in HEPES-based medium at 37 °C for 30 minutes. Then, the coverslips
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were transferred to a recording chamber (RC-25, Warner Instruments Inc., CT,
USA) and perfused with 37 °C HEPES-based solution: 137 mmol/l NaCl, 5
mmol/l KCI, 0.44 mmol/l KH2PO4, 20 mmol/l HEPES, 4.2 mmol/l NaHCOs3, 5
mmol/l D-glucose, 2 mmol/l CaClz, 1.2 mmol/l MgCl. and 1 mmol/l Na-
pyruvate with the pH adjusted to 7.4 with NaOH. Ca?*-imaging was performed
using an inverted IX70 microscope and UApo/340 x20 air objective (Olympus
Corporation). Images (8-10 frames / second) were acquired using an ANDOR
iXon 885 CCD camera (Andor Technology, Belfast, Northern Ireland).
Synchronization was performed with a Polychrome V light source using a real-
time digital signal processing control unit and TILLvisION software (TILL
photonics GmbH, Munich, Germany). Fura-2 was exited at 340 nm and 380 nm,
and emission was detected at 505 nm. The baseline recordings were performed
from spontaneously beating cardiomyocytes, and the cells were analyzed in

three different rhythm categories.

4.11. Allelic imbalance (Il)

The differential allelic expression of KCNQI was determined from the iPS cell-
derived cardiac myocytes heterozygous for either the G589D (KCNQI1-FinA)
mutation or ivs7-2A>G (KCNQI1-FinB) mutation in the KCNQI gene. The
relative expression levels of the mutant and wild type (WT) KCNQI were
defined based on plasmid-derived standard curves, which were produced by
quantitative PCR (qPCR) using plasmids carrying WT and mutant genes at
different ratios (1:0, 8:1, 4:1, 2:1, 1:1, 1:2, 1:4, 1:8 and 0:1). For plasmid
preparation, the WT c¢cDNA and the cDNA heterozygous for one of the two
mutations in KCNQ1 (G589D or ivs7-2A>@G) were amplified using primers with
the BamHI restriction site in the forward primer (for G589D: 5’-gcg gga tcc gaa
att cca gca age gecg ga-3’, for ivs7-2A>G: 5’-geg gga tec ttt gece atc tec tte ttt ge-
3’) and the Notl restriction site in the reverse primer (for G589D: 5’-gcc geg gee
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gcc agg aag agc tca ggg teg a-3’, for ivs7-2A>G: 5°-gecg geg gee geg tet cec ctt
cca ggt cc-3°). After amplification, the product from the PCR reaction with
heterozygous cDNA was treated with the Kasl enzyme (New England Biolabs,
Ipswich, MA, USA) to digest the WT allele while retaining the mutant alleles,
which were then purified using agarose gel electrophoresis. The different alleles
of KCNQI were inserted into the pBluescript SK+ plasmid using BamHI and
Notl restriction enzymes (Thermo Scientific). The constructs were verified by
sequencing to ensure proper insertion of the WT and mutant alleles (3130-16
Genetic Analyzer, Life Technologies).

To determine the allelic imbalance in the iPS cell lines
(UTA.00208.LQT1, UTA.00211.LQT1, and UTA.00118.LQT1) heterozygous
for the mutations in KCNQI, the beating areas from patient-specific
cardiomyocytes were cut by scalpel, and total RNA was isolated using the
NucleoSpin® RNA II Kit (Macherey-Nagel). The mRNA was converted into
cDNA using the High Capacity cDNA Reverse Transcription Kit (Life
Technologies Ltd) according to the manufacturer’s protocol. RT reactions were
performed with 10 minutes at 25 °C, 120 minutes at 37 °C and 5 minutes at 85
°C, and the cDNA samples were stored at -20 °C before qPCR analysis.

Allelic discrimination was performed by qPCR using custom-made
primers and probes (Table 5) and a TagMan® SNP Genotyping Assay (Life
Technologies Ltd). Two specific probes were used to detect both the WT and
mutated sequence of KCNQI. The two probes carried different fluorochromes
and emitted different fluorescence signals, which were detected during the
amplification state of the qPCR analysis. The difference between the expression
levels of the two alleles was determined based on these fluorescence intensities.
The 7300 Real-Time PCR system (Life Technologies Ltd) was used to generate
the standard curves and to analyze the cDNA samples of the mutated

cardiomyocytes. The reactions contained 7.5 pl of TagMan® Universal PCR
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Master Mix, 0.375 ul of Custom TagMan® SNP Genotyping Assay solution,
2.125 pl of sterile H20O and 3 pl of cDNA or plasmid DNA. The qPCR program
was initiated with 2 minutes at 50 °C and 10 minutes at 95 °C, followed by 40
cycles of 15 seconds at 95 °C and 1 minute at 60 °C. All the reactions were
performed in triplicate, and the averages from these reactions were used to

generate a standard curve and to analyze the samples.

Table 5. Custom-made primers and probes for allelic discrimination of the KCNQ1 gene (Custom
TagMan® SNP Genotyping Assay service).

Gene Primer/probe Sequence 5’ > 3’

Forward primer ccc cca tag aaa aga gca agg at
G589D Reverse primer cta cct tgt ctt cta ctc ggt tca g
KCNQ1-FinA Probe (WT)_VIC cga tcg Geg ccc ge

Probe (G589D) FAM acg atc gAc gcc cge

Forward primer get cgg ggt ttg ccc tga agg
ivs7-2A>G Reverse primer ggc age ata gea cct cca
KCNQT-FInB I probe w)_vic ctc att cag acc gc

Probe (ivs7-2A>G)_FAM | cga cct cgg acc gc

The standard curves were plotted with the expression ratio of the WT
and mutant alleles as logz on the y-axis and the corresponding ACt (Ct = cycle
threshold) values on the x-axis. The ACt values were defined by subtracting the
Ct value of the WT allele from the Ct value of the mutant allele. The Ct values
were defined as the number of cycles required for the fluorescent signal to cross
the threshold; i.e., it exceeded the background level. In standard curves, the ACt

values for the plasmid ratios are represented in the statistical form of the mean +
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standard deviation (n=3). The ACt values defined for different mutation-specific
samples were also placed on the standard curves, and these locations were used

to define the allelic imbalance of KCNQI.

4.12. Statistical analysis (1, Il)

In study I, Student’s t-test and one-way analysis of variance followed by a
Tukey test were used to compare the patch clamp data from LQT2-specific and
control cardiomyocytes (SPSS software, IBM Corporation, Armonk, NY, USA).
The differences in FPDs between control cells and LQT2-specific
cardiomyocytes were determined by nonlinear regression analysis using R
software (Bell Labs, New Providence, NJ, USA) and by t-test using SPSS. In
study III, the variance between two different experiments was calculated in
Microcal Origin™ 9.0 using the two sample t-test. A one-way ANOVA test
followed by Scheffe's test was used when more than two experiments were

compared.
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5. Overview of the results

The results section of the text refers to all the three original articles (I-IIT) if not

indicated otherwise.

5.1. Characterization of induced pluripotent stem cells

5.1.1. Pluripotency of the cells

All the iPS cell lines that were used in the present studies (I-III) were
characterized for their pluripotent properties. iPS cells were found to form
colonies typical of human pluripotent stem cells (Figure 10 A), and the
individual cells were round and compact with a high nucleus to cytoplasm ratio,
which is also typical for pluripotent cells. The generated iPS cells were also
shown to express multiple markers of the pluripotent state. Using RT-PCR, the
expression of Nanog, Oct4, Sox2 and Rexl was confirmed, and by
immunocytochemistry, the cells were shown to express Nanog, Oct4, Sox2,
SSEA4, TRA1-60 and TRA1-81 (Figure 10 B-D). RT-PCR was also used to
verify the silencing of the exogenous transgenes that indeed were found to be
silenced.

The in vitro pluripotent capacity of the iPS cells was shown by EB
formation and by detecting the expression of certain markers for each of the
three germ layers in the EBs. Sox1, paired box protein 6 (Pax-6), Nestin and
Mushashi 1 were used as ectodermal markers. Markers for the mesoderm were
kinase insert domain receptor (KDR), also known as vascular endothelial
growth factor receptor 2 (VEGFR-2), and a-cardiac actin. a-fetoprotein (AFP)
was used as an endodermal marker. The pluripotency of the iPS cells was
further confirmed in vivo by a teratoma forming assay, and tissues originating

from all germ layers were found in histological sections of the teratomas.
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Figure 10. Colonies formed by induced pluripotent stem cells. A) iPS cells form colonies with a
compact, round shape and defined edges. This type of growth is typical of pluripotent stem cells. B-D:
iPS cells expressed several markers of pluripotency, as shown by immunocytochemistry. Three
examples are shown here: Nanog (B), Oct4 (C) and SSEA4 (D).

5.1.2. Normal karyotypes and correct mutations

All the 1PS cell lines that were generated and used in these studies were verified
for a normal karyotype. If any alterations in chromosomes were found, the cell
line was not used for further studies, but instead another line from the particular
donor was thawed and characterized. In addition, the correct mutations, namely
KCNQI-G589D (KCNQI-FinA), KCNQI1-ivs7-2A>G (KCNQI1-FinB), or
hERG-R176W (hERG-FinB), were detected from the LQTS-specific cells. The
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control iPS cells were also explored for these mutations to verify that the control

individuals were not carriers of these LQTS-related mutations.

5.2. Cardiac differentiation and biochemical
features of the cardiomyocytes

5.2.1. Expression of cardiac markers

Cardiac differentiation of the iPS cells was accomplished by co-culturing stem
cells with END-2 cells. Spontaneously beating cells were detected usually in
two weeks after the initiation of differentiation. As these beating cells were
further characterized, they were found to express different markers that are
typical of cardiomyocytes. By immunocytochemistry, the cells were found to
express cardiac troponin T (cTnT, encoded by TNNT2), a-actinin, myosin heavy
chain (MHC), ventricular-specific myosin light chain (MLC2v), atrial-specific
myosin light chain (MLC2a) and connexin 43 (Cx-43) (Figure 11). RT-PCR
was used to detect a more comprehensive spectrum of cardiac-specific genes
expressed in the iPS cell-derived cardiomyocytes. At the mRNA level, the cells
were found to express TNNT2, MLC2v, MLC2a, Cx-43, hERG, MYH7 (which
encodes the B-isoform of myosin heavy chain) and the transcription factor

GATAA4.
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Figure 11. Cardiomyocytes derived from iPS cells expressing cardiac markers as shown by
immunocytochemistry. iPS cell -derived cardiomyocytes were shown to express a variety of cardiac
markers, including cardiac troponin T (A), cardiac a-actinin (B), connexin 43 (Cx-43) (C), and myosin
heavy chain (MHC) (D). Scale bar represents 100 pm.

5.2.2. Allelic imbalance of heterozygous mutations (l11)

To determine the allelic discrimination between the WT and mutated KCNQ1
alleles in cardiomyocytes derived from different iPS cell lines, the ACt values
were calculated for the different samples, and these values were compared with
the standard curves. The expression ratio between the WT version of KCNQI
and the G589D (FinA) -mutated KCNQI! was found to be closest to 4:1
(WT:mutated). This result indicates that approximately 80 % of the expressed
KCNQI in these cells is the normal form of the gene at least at the mRNA level,

and only approximately 20 % is the mutated version. This result indicates the
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ratio in the cell population, not in single cells. For the KCNQI1-ivs7-2A>G
(FinB) mutation, the discovered ratio was 3:1 (WT:mutated) because the ACt
values of these samples were located on the standard curve between the values
of 2:1 and 4:1. The 3:1 ratio signifies that 75 % of KCNQ! expressed in these
cells is transcribed from the WT allele, while 25 % is transcribed using the
mutated allele. This ratio represents the allelic discrimination at the mRNA level

and is viewed for the entire cell population.

5.3. Mechanical analysis of the cardiomyocytes derived
from induced pluripotent stem cells (I, Il)

5.3.1. Beating of long QT syndrome -specific cardiomyocytes (1)

Variation in the beating of LQTS-specific cardiomyocytes was identified from
cell to cell. First, the cardiomyocytes originating from the two separate iPS cell
lines carrying different mutations (G589D or ivs7-2A>QG) in KCNQ!I showed
distinct abnormalities in their mechanical beating behavior: G589D-specific
cells seemed to become stuck after contraction, while the cardiomyocytes
carrying the ivs7-2A>G mutation vibrated or vacillated during relaxation. The
second observation was that within the same cell line, some cardiomyocytes
beat in a clearly abnormal manner while others seemed to beat normally. The
numbers of cells with normal and abnormal beating were counted, and the
relative portions of the beating types were calculated. Approximately 71 %
(n=17/24) of the cells carrying the G589D mutation (FinA) were beating
abnormally. From the cardiomyocytes specific for the ivs7-2A>G mutation in

KCNQI (FinB), approximately 68 % (n=17/25) showed abnormal beating.
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5.3.2. Analysis of the beating attributes from control cardiomyocytes (11)

The sum displacement signals were obtained from the video recordings, and
several time parameters for different phases of beating were measured from
these signals: (1) the time of contraction, (2) the time the cell stayed contracted,
(3) the time of relaxation, (4) incomplete relaxation, and (5) the time the cell
was relaxed (Figure 12 G). For each analyzed cell, the average values from three
separate signals were calculated and used for further inspection of the beating
characteristics. The beating rates (BRs) for each video recorded cell were also
determined from the signals. All these parameters were successfully obtained
from the cardiomyocytes derived from iPS cells using the DIC method for video
analysis, and control cardiomyocytes were typically found to contract rather
rapidly, after which they immediately relaxed as rapidly as they contracted
(phases 1, 3 and 5). The BRs varied from 12 to 67, but a majority of the cells

beat with a frequency of around approximately 25 beats per minute.

5.3.3. Long QT syndrome type 1 -phenotype in video analysis (l1l)

In addition to the parameters described above for the control cardiomyocytes,
the LQTI1-specific beating typically exhibited the phases 2 (cell staying
contracted) and 4 (incomplete relaxation) during the contraction/relaxation cycle
(Figure 12 G). As the control cells typically contracted and relaxed
consecutively and had rather constant BRs, approximately 70 % of the LQT1-
specific cardiomyocytes showed abnormal beating characteristics (Figure 12 A-
F). LQT1-specific cells carrying the KCNQI-FinA (G589D) mutation typically
were stuck after contraction and thereby stayed contracted for a longer time than
the control cells (Figure 12 C and D). LQT1-specific cells with a KCNQ1-FinB
(ivs7-2A>G) mutation exhibited the tendency to vibrate and vacillate before or
during relaxation or tremble after relaxation (Figure 12 E and F). Both types of

abnormalities were found among both LQT1-specific (G589D and ivs7-2A>G)
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cells, but the most prevalent for each subtype of LQTS was that described
previously. The abnormal beating behavior of LQT1-specific cardiomyocytes

was considered a sufficient disease phenotype.
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Figure 12. The beating analysis of single cardiomyocytes based on video recordings. Examples of the
signals received from the video analysis are presented in A, C and E. Panel A shows an example
from control cardiomyocytes, which show that the relaxation of the cell starts immediately after
contraction. In other words, the upward peak (relaxation) follows the downward peak (contraction)
without delay. C) Here is an example signal measured from a cardiomyocyte carrying the G589D
(KCNQ1-FinA) mutation and showing a pause between the contraction and relaxation, as designated
with arrows. E) This figure presents an example from an ivs7-2A>G (KCNQ1-FinB) -specific
cardiomyocyte. The vibration or vacillation appears in the signal as a relaxation that does not occur
unbroken and efficiently. In other words, the proper upward peak is missing. B, D and F) Histograms
present the portions of different phases of cardiac contraction/relaxation cycle: (1) contraction, (2) the
time that a cell stays contracted, (3) relaxation, (4) the time of vibration or vacillation, also called
incomplete relaxation, and (5) the time that a cell stays relaxed. The definitions for each phase are
also illustrated in an artificial signal presented in figure G. H) The focus point of beating was
approximated by eye, and the beating cardiomyocyte was divided into 8 sectors with the focus in the
middle (scale bar represents 10 um). I) From each sector, two sum vectors for velocity were
calculated: the radial component and the tangential component. This analysis resulted in 16 different
signals from every cell analyzed. Three of these signals were used to analyze each cardiomyocyte.
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5.3.4. Applicability of the mechanical analysis
for cardiomyocyte research (Il, Il)

The mechanical analysis method was verified using artificial displacement
images and with noise-resistant testing. In addition, the method was tested by
combining the mechanical analysis method with the patch clamp -technique.
The time difference between the electrical activity of the cells measured by
patch clamp and the mechanical activity determined by DIC from the videos
was calculated using synchronized data. The electrical and mechanical signals
occurred at the same time, but the electrical activity declined earlier than the
mechanical activity.

The results from the mechanical analysis method were also compared
with the results obtained separately from patch clamp and Ca**-imaging. Using
video recordings and DIC, abnormal signals were obtained from LQT1-specific
cells, while control cardiomyocytes resulted in signals with consecutive
contraction/relaxation phases and constant BRs. In addition, the abnormalities
obtained from LQT1-specific cells carrying different mutations in KCNQ1 were
different from each other. Using Ca**-imaging, similar differences were found,
which supported the relevance of mechanical analysis. However, some
differences in the portions of the types of abnormalities were identified. While
the video analysis clearly showed that the KCNQ1-G589D (FinA) mutation
typically caused the cells to become stuck after contraction and the KCNQI-
ivs7-2A>G (FinB) mutation resulted in some vibration or vacillation in the cells,
the Ca’’-imaging results indicated that in KCNQI1-G589D-specific
cardiomyocytes, two different types of abnormalities were equally common.
The Ca®'-imaging results also indicated that in KCNQ1-ivs7-2A>G-specific
cardiomyocytes, the other type of abnormality was observed two times more

often than the other.
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The results from the patch clamp -measurements were more similar
between the two cell lines carrying the different mutations (G589D or ivs7-
2A>QG). Nevertheless, also with the patch clamp -method, differences between
the effects of these two mutations could be identified. Only the G589D mutation
caused EADs in the baseline measurements. The APDs were more prolonged in
the same cells with a G589D mutation compared to the cells carrying the other
mutation (ivs7-2A>G) when they were exposed to E-4031, a specific hERG

channel blocker.

5.4. Electrophysiology and calcium handling
of the cardiomyocytes

5.4.1. Patch clamp -measurements (1, II, 11l)

In study I, the spontaneous APs were measured from iPS cell-derived LQT2-
specific cardiomyocytes as well as from control cardiomyocytes, and two types
of AP morphology were found among the cells. The majority of the cardiac
myocytes exhibited ventricular-like APs, which displayed a distinct plateau
phase. Some of the cells had atrial-like APs that were triangularly shaped. At 50
% repolarization (APDso) and 90 % repolarization (APDoo), the APDs of LQT2-
specific cardiomyocytes were prolonged compared to control cells, and this
difference was significant in ventricular-like cells. In atrial-like cardiomyocytes,
a difference was identified in APDso and APDoo, but the difference was not
statistically significant. This prolonged AP indicated that the cardiomyocytes
derived from LQT2-specific iPS cells exhibited the disease phenotype, although
EADs were observed only in one LQT2-specific cell (n=20). In control cells, no
EADs were present. Using E-4031 (hERG channel blocker), the Ikr current was
further investigated, and the magnitude of this current was notably reduced in

LQT2-specific cells compared to control cardiomyocytes.
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In study III, the baseline properties of spontaneously beating
cardiomyocytes (both control and LQT1-specific) were obtained from patch
clamp -recordings using the perforated patch technique. According to the
properties of the APs, the cells were categorized as nodal, atrial and ventricular
cardiomyocytes. The majority of the cardiomyocytes were ventricular-like, and
only a marginal proportion was nodal-like. The examples of ventricular APs
from control cells as well as from two LQT]1-specific lines are presented in
Figure 13 A-C. The APDs were significantly prolonged in all subtypes of
LQT1-specific cells compared to the control cardiomyocytes. Spontaneous
EADs were found in cardiomyocytes specific for the G589D (FinA) mutation in
KCNQI but not in control cells or cardiomyocytes carrying the ivs7-2A>G
mutation in KCNQ! (FinB).

To investigate the role of the Iks current in the extension of the baseline
APs in LQT 1-specific cells, ventricular cardiomyocytes were exposed to the Iks
blocker JNJ303 (300 nM). In control cardiomyocytes, JNJ303 significantly
prolonged APDso and APDoo, but the Iks block did not significantly affect the
AP characteristics in the LQT1-specific cardiac myocytes. To evaluate the
findings concerning Iks blockage, a specific hERG (Ikr) blocker, E-4031 (100
nM), was used to expose ventricular cardiomyocytes. In control cells, the APDso
and APDgo were prolonged, but no EADs were provoked. Nevertheless, all
ventricular cardiomyocytes carrying either the G589D or ivs7-2A>G mutation
in KCNQI exhibited EADs when exposed to E-4031, and both lines had
significantly prolonged APDso and APDoo.

5.4.2. Calcium imaging (11l)

Ca?" handling of LQTI-specific and control cardiomyocytes was measured
during spontaneous baseline beating. Based on the Ca** measurements, the cells

were categorized into three different groups according to the rhythm and
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arrhythmias. The first group included cells with a normal beating rhythm and
stable amplitude. The second group included cells with arrhythmias with two or
more Ca”*" peaks (AD). The third group consisted of cells with arrhythmias in
small amplitude Ca®" events in between the stable amplitude Ca*" spikes (AS)

(Figure 13).
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Figure 13. Ventricular action potentials (APs) and signals indicating Ca?* handling in iPS cell-derived
cardiomyocytes. A-C: APs measured using the patch clamp technique are presented here. The AP
durations (APDs) in LQT1-specific cardiomyocytes (B and C) are prolonged compared to the APD of a
control cardiomyocyte (A). An AP from a cell carrying the G589D mutation (FinA) is shown in B, and
an example of an AP measured from a cardiomyocyte with ivs7-2A>G in KCNQ1 (FinB) is presented
in figure C. D-F: Here are the examples of Ca?* signals from two LQT1-specific and control
cardiomyocytes. Control cells typically showed a normal beating rhythm and stable amplitude (D),
while two different types of arrhythmia were observed in LQT1-specific cardiomyocytes. E: The
measurement from a G589D-specific cell having an arrhythmia with two or more CaZ* peaks (AD) is
presented here. F: An example of an arrhythmia with small amplitude Ca2* events in between the
stable amplitude Ca?* spikes (AS) shown here was measured from a cardiomyocyte carrying the ivs7-
2A>G (FinB) mutation in KCNQ1.

Ca?" handling abnormalities were more dominant in LQT1-specific cells
than in control cardiomyocytes and were more prevalent in G589D-carrying
cells than in the cells with ivs7-2A>G. No significant difference was identified
between the LQT1-specific cells with different mutations when the two types of

abnormalities were compared. Nevertheless, the AS type of arrhythmia was
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more common than ADs in the cells carrying the ivs7-2A>G mutation in
KCNQI, while no difference between the two types of arrhythmia in the
G589D-specific cells was identified. The cardiomyocytes carrying the G589D
mutation in KCNQ! (FinA) showed abnormalities in 47 % of the cells. From
these cells, 22 % were of the type AD (Figure 13 E) and 25 % were the AS type
of arrhythmia. In KCNQI1-ivs7-2A>G (FinB)-specific cardiomyocytes, the
abnormalities were observed in 30 % of the cells, and 11 % of these showed the
AD type of abnormality. In 19 %, the arrhythmias were the AS type (Figure 13
F). In control cardiomyocytes, abnormal Ca?* handling was observed in 7 % of

the cells (2 % with AD and 4 % with AS).

5.4.3. Cardiac field potential analysis (l, II, 1l)

The electrophysiological properties of the beating cell aggregates were
measured using MEA. From the MEA measurements, the BRs and FPDs were
determined. As the control cardiomyocytes and LQT2-specific cells were
compared, LQT2-specific cardiac myocytes had more significantly prolonged
FPDs than the control cells. This difference was more remarkable at low BRs
compared to average BRs, and at high BRs, no differences between the control
and LQT2-specific cells were identified. Nevertheless, a negative correlation
was found between FPDs and BRs in both control and LQTS-specific cells (I).
Although variation existed between the measurements, the estimated average of
FPDs for LQTI-specific cardiomyocytes was also longer than the FPDs
generally measured from control cells (III).

In the first study (I), LQT2-specific cardiomyocytes were studied for
their drug responses using MEA. Sotalol (19 pmol/l) and E-4031 (500 nmol/l
for LQT2-specific cells and 700 nmol/l for control cells) were applied to the
cardiomyocyte aggregates differentiated from both control iPS cells and LQT?2-
specific iPS cells. Both baseline and drug conditions for sotalol and E-4031
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were measured. Sotalol induced premature beats only in LQT2-specific
cardiomyocytes and not in control cells. Using E-4031, premature beats were
induced in both cell lines, but the induction required a higher concentration (700
nmol/l) in control cells compared to LQT2-specific cardiomyocytes (500

nmol/1).
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6. Discussion

The aim of this thesis was to introduce iPS cell lines established from both
control individuals and patients carrying certain mutations related to different
subtypes of LQTS. The iPS cells were differentiated into cardiomyocytes, and
these cells were evaluated as possible in vitro models for LQTS types 1 and 2.
This thesis also introduces a novel method for analyzing
cardiomyocytes. This analysis is based on video recording and the
characterization of the mechanical properties of single beating cardiac cells. The
video analysis method is easier to use compared to the patch clamp -technique,
which is considered the gold standard method for the characterization of the
electrical properties of cardiomyocytes. Video analysis is a non-invasive, non-
toxic and label-free method, which makes it gentler for the cells and enables
research on the cardiomyocytes that are stressed as slightly as possible.
Moreover, studying the mechanical properties of cardiac myocytes may reveal
additional information compared to purely electrophysiological studies. This
novel method could be considered an adjacent technique for cardiomyocyte
characterization. Notably, the analysis of the mechanical properties of beating
exposes different aspects of the beating characteristics than the
electrophysiological measurements or techniques based on quantifying the ion

concentrations inside the cardiomyocytes.

6.1. Production of induced pluripotent stem cells
and their cardiac differentiation (I-Ill)

In the studies presented in this thesis, several iPS cell lines were successfully
established. The method that was used for iPS cell production utilizes lenti- and
retroviruses (Takahashi et al, 2007), which is a clear obstacle for the use of

these iPS cells for clinical purposes. The present studies were not aimed at
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clinical application but for establishment of in vitro disease models for different
subtypes of LQTS. For this purpose, the iPS cell lines produced using viruses
can be considered as good as lines produced by some other techniques. In
addition, the method based on viral delivery of reprogramming factors was
efficient for iPS cell production, which was an obvious advantage of this
particular method. The produced iPS cells were pluripotent as indicated by the
expression of certain pluripotency markers both at the mRNA and protein
levels. The pluripotent nature of the cells was further confirmed using both in
vitro EB and in vivo teratoma forming -assays, and most importantly, the iPS
cells differentiated into functional cardiomyocytes.

Cardiac myocytes differentiated from pluripotent stem cells are thought
to be rather immature because of their Ca®" handling (Liu et al, 2007; Liu et al,
2009; Fu et al, 2010) and electrical properties (Moore et al, 2005; Cao et al,
2008). The immaturity of iPS cell-derived cardiomyocytes may result in an
inadequate phenotype that is not comparable to the phenotype observed in
primary cardiomyocytes. For this reason, comparisons should only be made
between cardiomyocytes with a similar history. In practice, this consideration
means that in vitro models for different cardiac diseases based on iPS cell
technology always need control cells that are derived from similarly produced
iPS cells. In addition, the disease phenotype, as well as all the responses to
different stimuli that are observed in disease-specific cardiomyocytes, need to
be evaluated with respect to the phenotype and responses observed in these
control cells. Nevertheless, the human cardiomyocytes derived from pluripotent
stem cells are still a more optimal environment to study human cardiac diseases
compared to animal models (Sugiyama 2008; Sugiyama et al, 2011) or
transiently transfected non-cardiac cells (Paavonen et al, 2003), which were
used as cardiac disease models before the possibilities that were introduced by

the invention of iPS cells. Primary human cardiomyocytes would obviously
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offer the most optimal platform to study the phenomena that occur in the human
heart, but as mentioned previously, these cells are difficult to obtain and

maintain in vitro (Mitcheson et al, 1996).

6.2. Mechanical analysis of the beating
cardiomyocytes (Il Il)

6.2.1. A novel method based on video recordings (11)

The second study of this thesis (II) introduced a novel method for the
mechanical analysis of the beating motion in cardiac myocytes. This method is
based on video recordings and introduces an additional tool for the
characterization of single cardiomyocytes. This method is considerably easier to
use and is gentler on cells than the patch clamp technique or Ca®'-imaging
because it is non-invasive, non-toxic and label-free. Thus, the cells can be
studied in normal cell culture conditions without any additional stress for the
cells from fluorescent tracers or invasive detectors. A patent application is
pending concerning this novel manner to analyze the mechanical functionality
of cardiomyocytes based on video recordings (application number: fi20126384).

The method was tested using artificial displacement images and by the
addition of supplemental noise. The patch clamp -technique was used as a
reference method to verify the correlation between the timing of the AP and the
initiation of contraction. The timing of the mechanical behavior of the beating
cardiomyocytes corresponded to the electrical activity measured from the same
cells by the patch clamp -method, meaning that the starting point of the APs
were nicely followed by the initiation of the cardiomyocyte contraction. This
result indicated that the video analysis is able to detect the mechanical features
of beating with good accuracy.

The method described in study II has clear advantages over the

traditional methods used for the characterization of cardiomyocytes. This
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method does not require highly trained personnel or expensive equipment, is
easier and faster to use, and is gentler the cells. In addition, the analysis of the
mechanical properties of beating cardiomyocytes may reveal additional
information about the cells compared to electrophysiological analysis only. As
the patch clamp -method reveals purely electrophysiological phenomena in the
cells and Ca*'-imaging exposes the events of Ca** handling in the
cardiomyocytes, the video analysis is based on uncovering the mechanical
properties of the cardiomyocytes, which can be visualized as the contraction and
relaxation of the cells. Possibly, parts of the disease phenotype can be clearly
observed as abnormalities of the electrophysiology of the cells. However, some
other features may be considered a mechanical abnormality, while the AP

properties appear to be normal.

6.2.2. Disease phenotype observed by video analysis (IIl)

The third study (III) it was clearly demonstrated that the LQTS phenotype can
be detected from single cardiomyocytes using video analysis, which was based
on determining purely the mechanical features of the beating cells. The results
from this mechanical analysis were consistent with the results obtained by patch
clamp and Ca®'-imaging -methods, although the video analysis revealed some
additional information from the cells. According to the patch clamp -recordings,
the cells carrying different mutations in KCNQI! seemed to behave more
similarly with each other compared to the results from the mechanical analysis.
Indeed, the video recordings showed phenotypic differences between the two
genotypes, and this difference was partially confirmed by Ca**-imaging.

With the video analysis method, two separate groups of cardiomyocytes
could be distinguished. Approximately 70 % of the disease-specific
cardiomyocytes beat abnormally, while the rest of the cells resembled control

cells with normal beating behavior. The same grouping could be performed for
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the measurements done by Ca**-imaging, although the sizes of the groups were
slightly different. By patch clamp -measurements, it was observed that all
ventricular LQTS-specific cardiomyocytes had prolonged APDs. The
differences in the sizes of the group of abnormally beating cells may be
explained by the variability in the sensitivity between the different methods as
well as by differences in the selection of cells for the measurements. Also, it
again needs to be remembered that the different methods used in the study
measure different functions of the cells and thereby reveal different aspects of
the phenotype.

Ventricular-, atrial- and nodal-like cardiomyocytes are known to differ
in their electrophysiological properties. The APs measured from these different
types of cardiac myocytes have their own characteristics (Figure 6), which
indicate differences in the ion channel function in the cells (He et al, 2003;
Zhang et al, 2009). The variation observed in the mechanical functionality of the
LQTS-specific cardiomyocytes may reflect the differences between the various
subtypes of cardiac myocytes. Using video analysis or Ca*'-imaging, the
different cardiomyocyte subtypes cannot be distinguished; however, by the
patch clamp -method, the diversity of APs can be detected. Based on the patch
clamp -measurements, the majority of the cardiomyocytes were ventricular-like,
and only marginal portions of the other subtypes of cardiomyocytes were found.
On the other hand, the portions of normally and abnormally beating cells
detected from the videos were approximately 30 % and 70 %, respectively. This
difference compared to the patch clamp -data may also advocate the hypothesis
that the variation could be explained by cells being either ventricular or other
types of cardiomyocytes. If the mechanical abnormalities are observed only in
ventricular-like cardiomyocytes, it is in accordance to the clinical manifestation

of LQTS with the tendency to ventricular arrhythmia.
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It is also known that there are differences in APDs measured from
cardiomyocytes residing at different sections of the myocardium. The longest
APDs in LQTS models have been reported in endocardial electrical conducting
cells as well as in endocardial and mid-myocardial myocytes compared to
epicardial myocytes (Dun & Boyden, 2008; Yan & Antzelevitch, 1998). Also,
the mechanical contraction duration has been shown to be longer in
cardiomyocytes residing under the endocardium (sub-endocardium) compared
to cells in the mid-myocardium in symptomatic LQTS patients (Haugaa et al,
2011). This mechanical dispersion was not present in the hearts of
asymptomatic mutation carriers or healthy individuals (Haugaa et al, 2011).
Indeed, the transmural dispersion of APDs in LQTS patients has been
considered a major cause of arrhythmias (Conrath & Opthof, 2006), and the
mid-myocardial cells are thought to play an important role in the development
of the severe symptoms of LQTS (Lankipalli et al, 2005). The differential
beating observed in LQT1-specific cardiomyocytes in vitro may reflect this
difference detected in the entire heart. More subtypes among the ventricular
cardiomyocytes than those that are currently known may exist, and the
differences in the APDs may not be solely dependent on the position of the cells
in the myocardium, but some other differences in the phenotype of the
cardiomyocytes. Some differences exist between the mid-myocardial cells and
the other ventricular cardiomyocytes at the level of ion currents. In mid-
myocardial cells, the Iks current is smaller, and the late Na® current is larger
compared to the other types of ventricular cardiac myocytes (Antzelevitch et al,
1999; Zygmunt et al, 2001). This result and the possible other differences
between the cells make the other types of cardiomyocytes more vulnerable for
the symptoms of LQTS than the others, and this phenomenon may be detected
in vitro as differences in the severity of the disease phenotype among the cells

studied.
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Mechanical phenotype of LQTS has been studied on the level of an
entire heart (ter Bekke et al, 2014; De Ferrari et al, 1994; Gallacher et al, 2007;
van der Linde et al, 2010; Nador et al, 1991), but the study III in this thesis
demonstrates for the first time that the mechanical abnormalities can be detected
also from single cardiomyocytes. It has been reported that approximately half of
the LQTS patients exhibit extended thickening of left ventricular wall during the
contraction of the heart, and in some symptomatic patients also a double-peak
pattern of this thickening has been observed which may represent the
mechanical correlate of EADs (Nador et al, 1991). These LQTS-related
mechanical abnormalities have been normalized by Ca?* channel blockers (De
Ferrari et al, 1994) which is in agreement with the current knowledge on the
mechanism of EADs; EADs are primarily due to the reactivation of L-type Ca®"
channels during the late phases of the cardiac AP (Lankipalli et al, 2005). In a
canine model it has been demonstrated that under baseline conditions the left
ventricular -pressure duration is longer than QT interval creating a positive
“electro-mechanical window” (EMW) (van der Linde et al, 2010). In this model
EMW turned negative during pharmacological Iks block prior to the induction of
TdP-arrhythmia (Gallacher et al, 2007; van der Linde et al, 2010). In a recent
study by ter Bekke and colleagues it was also demonstrated that EMW is
positive in control individuals but negative in LQTS patients, and the negativity
is more significant in symptomatic patients compared to asymptomatic (event-
free) patients (ter Bekke et al, 2014). In addition to the studies on the entire
heart, mechanical characteristics of iPS cell -derived cardiomyocyte monolayer
have been evaluated using simultaneous video analysis and MEA-measurements
(Hayakawa et al, 2014), but the study II in this thesis is the first published work
on the mechanical features of single cadiomyocytes, and the study III is the first
work that introduces the mechanical abnormalities detected in LQTS specific

iPS cell -derived cardiomyocytes.
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The mechanical abnormalities observed in  LQTS-specific
cardiomyocytes most likely are reflections of the -electrophysiological
dysfunction of the cells. The impaired function of K' currents results in
prolongation of APD but it also may affect the function of other ion channels,
including L-type Ca*" channels, in the cells. And this may cause the occurrence
of EADs in patch clamp -recordings and additional Ca®>" spikes observed by
Ca’"-imaging but also, the re-elevation of intracellular Ca*" concentration may
alter the function of saecomeres leading to impaired lengthening of the

sarcomere stuctures and problems in the relaxation of the cardiomyocytes.

6.3. Modeling of long QT syndrome (1, 1)

6.3.1. Long QT syndrome type 1 (1ll)

The most widespread type of LQTS is subtype 1. The genetic basis of LQT1 is a
defective KCNQI gene, but several different mutations in KCNQ/1 are known to
cause the disease (Splawski et al, 2000). In the iPS cell studies that introduced
in vitro cell models for LQT1, several different mutations have been presented.
The first published model for LQT1 used patient-specific cells that carried a
loss-of-function substitution of arginine to glutamine (R190Q) (Moretti et al,
2010). In these cells, the APD9o was increased by half, although the ECG of the
patient showed a QT prolonged by 15 %. The other study presented iPS cell-
derived cardiomyocytes with a dominant-negative mutation, namely the deletion
of a cysteine at position 1893 (1893delC) in KCNQ! (Egashira et al, 2012). This
mutation was shown to result in a trafficking deficiency of the KCNQI channel
onto the cell membrane, and the MEA system revealed a significantly prolonged
field potential duration (FPD) in cardiomyocytes carrying 1893delC compared
to control cells (Egashira et al, 2012).
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In the third study presented in this thesis (III), the cell lines carrying two
different mutations of KCNQI were used. The G589D mutation lies in the C-
terminal domain of the protein encoded by KCNQI and likely results in a
difficulty of assembling the tetramers that form the functional K channels
(Piippo et al, 2001). It has also been proposed that the G589D mutation results
in hindered transportation of the channel to the plasma membrane (unpublished
data). The other mutation is an intronic mutation (ivs7-2A>G) that causes
splicing alterations. In addition, ivs7-2A>G is located at the C-terminal domain
of KCNQI and causes the complete loss-of-function of the particular K*
channel (Fodstad et al, 2006). From the results in study III, these two different
mutations of KCNQI resulted in different phenotypes. This result was
confirmed by various methods including the patch clamp -technique, Ca*'-
imaging and mechanical analysis based on video recordings. According to the
video analysis, the cells carrying the G589D mutation had a prolonged
contraction period, while the cells carrying ivs7-2A>G in KCNQ]! vibrated,
vacillated before or during relaxation or trembled afterwards. Both of the
patients studied here suffer from symptoms related to LQTS, but the symptoms
are not very severe. The patient with the G589D mutation has a QTc of only 456
ms but has still been suffering from episodes of unconsciousness and syncope.
The other patient carrying ivs7-2A>G in KCNQ! had suffered from dizziness,
darkening of vision and episodes of unconsciousness, and her QTc is clearly
prolonged (492 ms).

The APDs measured from the LQTI-specific cardiomyocytes, both
G589D and ivs7-2A>G carrying cells, were significantly prolonged compared to
the control cardiomyocytes; thus, the LQTS phenotype can be considered to be
reproduced (III). Spontanecous EADs were observed in ventricular
cardiomyocytes specific for the G589D mutation but not in control cells or in

cardiomyocytes carrying the ivs7-2A>G mutation. This difference was the only
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difference between the two mutations observed by the patch clamp technique,
while the effects of the two different mutations were more obvious from the
results gathered by video analysis or Ca*'-imaging. JNJ303, an Iks current
inhibitor, prolonged APDs significantly in control cardiomyocytes (ventricular),
while it did not have a significant effect on the AP characteristics in either of the
LQT1-specific cells. This result is in agreement with the fact that the Iks current
is already affected in LQT1-specific cardiomyocytes, and further blockage of
that particular current does not alter the situation in the cells that much, while
the effect in control cardiomyocytes was rather dramatic. On the other hand, the
blockage of the Ikr current by E-4031 triggered EADs in ventricular
cardiomyocytes carrying either the G589D or ivs7-2A>G mutation in KCNQ/
but not in control cells, although the APD was prolonged in all ventricular
cardiac myocytes including control cells. This difference may be explained by
the more severe effect of Ikr blockage in the cardiac myocytes where the Iks
current is also affected by mutations in KCNQI. In addition, mid-myocardial
cells exhibited a smaller Iks current compared to the other types of ventricular
cardiomyocytes; therefore, the blockage of the Ikr channel may have a more
dramatic effect in these cells. And still it is possible that there are other
differences in the current densities between the different types of ventricular
cardiac cells may predispose other cells to the symptoms more extensively than
others. However, the difference between the control cardiomyocytes and
LQT10specific cardiomyocytes was clear and most likely cannot be explained
by a coincidence of different subtypes of cardiac myocytes.

As indicated by the results from the third study (III) of this thesis as well
as by comparing the results from different research groups (Egashira et al, 2012;
Kiviaho et al, submitted; Moretti et al, 2010), the different mutations in KCNQI
result in different phenotypes of LQT1 in the patient, and these differences can

be detected from the in vitro models established from the patients utilizing iPS
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technology (Table 6). This observation emphasizes the need for a variety of cell
models for LQTS with different mutations and the importance of the usage of
the correct model for studies of a certain mutation. For example, if the
medication is designed for a patient individually, the drug tests should be
performed using the cells from that particular patient. When the phenotypes
observed in different iPS cell-based models for LQTS are compared (Table 6),
the baseline APDs measured from spontaneously beating cardiomyocytes are
different. In some cases, the APDs reflect the clinical phenotypes of the original
donors (Matsa et al, 2011), but this conclusion cannot be drawn between the
different studies and different mutations (Kiviaho et al, submitted; Moretti et al,
2010). All in all, it is impossible to compare the results from different studies
because the cells and methods used in these studies vary from each other and
because the measurement set-ups are different. If the results from studies
introducing models for LQT1 are compared with each other, no correlation can
be observed between the clinical phenotypes and the phenotypes observed in the
cell culture models. Instead, the asymptomatic R190Q mutation carrier (Moretti
et al, 2010) had an APD as long as 745 (£91) ms, while the APDs measured
from the cells of symptomatic patients carrying the G589D or ivs7-2A>G
mutation (Kiviaho et al, submitted) were only 536 (+34) and 526 (£54) ms,
respectively. In these two studies, the difference between the APDs measured
from control cardiomyocytes was not very substantial (381 vs. 308 ms), which

allows a tentative comparison between the results from the LQT 1-specific cells.
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Table 6. Comparison between the iPS cell -based models for LQTS. The table compares the APDgo
(action potential duration at 90 % of the amplitude) values (ms) detected from a variety of LQTS-
specific cardiomyocytes and from control cells used in each study. The baseline measurements from
spontaneously beating cardiomyocytes are presented here. The individual mutations that the cells
were carrying are also indicated as well as the references (Egashira et al, 2012; ltzhaki et al, 2011;
Kiviaho et al, submitted; Lahti et al, 2012; Matsa et al, 2011; Moretti et al, 2010). In the work of Moretti
and colleagues, two individuals had the same mutation, but the results were reported for only one of
them. Instead, the results were described to be similar for both individuals (Moretti et al, 2010). In
addition, the data regarding the APDs were completely missing in the article published by Egashira
and colleagues (Egashira et al, 2012) as well as in the article by Bellin and colleagues (Bellin et al,
2013). Matsa and colleagues only published the APD for LQT2-cells and there were no information

about the symptoms of the patient (Matsa et al, 2014). S = symptomatic, AS = asymptomatic.

LQT1 (KCNQ1)

R190Q 1893delC G589D ivs7-2A>G
Moretti et al, Egashira et al, Kiviaho et al, Kiviaho et al,
2010 2012 submitted submitted
WT LQT1 WT LQT1 WT LQT1 WT LQT1
381 745 n/a nl/a 308 536 308 526
+35 191 (S) +30 + 34 + 30 154
(AS) ) (S)
nl/a nl/a
(AS)
LQT2 (hERG)
A614V G1681A R176W N996I G1681A A422T
Itzhaki et al, Matsa et al, Lahti et al, Bellin et al, Matsa et al, Spencer et al,
2011 2011 2012 2013 2014 2014
WT LQT2 | WT LQT2 | WT LQT2 | WT LQT2 | WT LQT2 | WT LQT2
495 1280 | 386 881 314 538 nfa |n/fa |n/a |929 550 5800
£36 | +£81 | £139 | £205 | +18 | £29 £167 | £50 | £900
(S) (S) (AS) n/a (S)
705 n/a
57
(AS)
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One possible explanation for the contradictions in genotype-phenotype
relations in cell models for LQT1 and in phenotypes observed in the cell models
versus patients is the repolarization reserve in cardiac cells, which is used
during stress or pharmacological challenge. It is thought, that some auxiliary
mechanisms are available to cause normal repolarization, indicating that
multiple occurrences might be required to induce the LQTS phenotype (Roden,
2006). These occurrences might be the presence of compound mutations,
polymorphisms, drug exposure, female gender, hypokalemia or other risk

factors (Roden, 2006; Lehtonen et al, 2007).

6.3.2. Subtype 2 of long QT syndrome (l)

The first study (I) aimed to reproduce the phenotype of LQT2 in a cell culture
model (Lahti et al, 2012). Patient-specific iPS cells carrying a R176W mutation
(Fodstad et al, 2004) in the hERG gene were generated and successfully
differentiated into functional cardiac myocytes. These LQT2-specific
cardiomyocytes reproduced the disease phenotype, including prolonged AP
duration and increased arrhythmogenicity. Also, at low beating frequencies, the
FPDs were significantly more prolonged in LQT2-specific cells compared to
control cardiomyocytes, which is consistent with the clinical observation that
the QT interval is more prolonged in LQT2 patients than in healthy individuals
precisely at low beating rates (Swan et al, 1999). Although the patient studied
here was rather asymptomatic, the cells derived from his fibroblasts exhibited an
approximately 40 % decreased Ik: current as shown by voltage clamp recordings
and a prolonged cardiac repolarization time, which was demonstrated by both
patch clamp -measurements and MEA. On the other hand, EADs were detected
only in 5 % of the patient-specific cardiomyocytes, and this result correlates
nicely with the fact that the original patient has not suffered from severe

arrhythmias (Lahti et al, 2012).

123



Sotalol is an antiarrhythmic drug due to its property to block K'
channels, and it functions as a B-adrenergic antagonist (Edvardsson et al, 1980).
Sotalol was used in MEA measurements and induced premature beats only in
LQT2-specific cardiomyocytes not in control cells. E-4031, a specific hERG
(Ikr) channel blocker, induced premature beats in both LQT2-specific and
control cardiomyocytes, but the induction required a higher concentration (700
nmol/l) in control cells compared to LQT2-specific cardiomyocytes (500
nmol/l). The sensitivity of the LQT2-specific cells for sotalol may be explained
by the already defective efflux of K in these cells compared to control
cardiomyocytes; therefore, the LQT2-specific cardiomyocytes are more
vulnerable to further blockage of the K™ channels by sotalol. E-4031 is a
specific blocker of hERG channels, and it may have a more pronounced effect
on LQT2-specific cells compared to control cardiomyocytes because only a
portion of the hERG channels are fully functional in LQT2-specific cells. In
addition, it is possible that the actual number of the hERG channels on the cell
membrane is lower in the cardiac myocytes with LQT2. According to the results
included in study I, the density of the Ikr current in LQT2-specific
cardiomyocytes is approximately half of the Ikr density in the control cells. This
finding possibly explains the reason that the lower concentration of E-4031 is
enough to induce EADs in LQT2-specific cardiomyocytes compared to control
cells. EADs are mostly due to the reactivation of LLCs during the plateau phase
(2) of an AP. If a further prolonged AP is induced by E-4031 in LQT2-specific
cardiomyocytes, this effect extends the time window even longer for LLC
reactivation and the occurrence of EADs (Lankipalli et al, 2005).

The majority of the individuals carrying a R176W mutation in 2ERG are
asymptomatic and unaware of their genetic burden. However, this particular
mutation has been identified in cases of sudden death (Tester and Ackerman,

2007; Tu et al, 2011), and among the close relatives of the individual studied
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here were two cases of sudden cardiac death at a young age, although the person
himself was asymptomatic. The mechanism why the R176W mutation impairs
the function of hERG is presently unknown, but when the mutation is
heterologously expressed, it reduces the hERG tail current density by 75 %
compared to the expression of wild type ZERG. On the other hand, if the WT
hERG is coexpressed with the R176W-mutated, the difference in current
densities is abolished (Fodstad et al, 2006). In cardiomyocytes derived from
patient-specific iPS cells, the decrease in Ikr density was 43 %, although the
cells were heterozygous for the R176W mutation. The ambivalent results may
reflect the difference in the cellular milieu in cardiac versus non-cardiac cells.
hERG is the major component of the Ikr channel, which is composed of four a-
subunits (hERG) and four B-subunits called KCNE2. Two different isoforms of
hERG result from alternative splicing: hERG-la has an N-terminal PAS
regulatory domain, and hERG-1b has a truncated N-terminus (Lees-Miller et al,
1997; London et al, 1997; Morais Cabral et al, 1998). The R176W mutation is
located in the N-terminal end of hERG and may not be present in the hERG-1b
isoform. The two isoforms are thought to co-assemble to form the functional
tetrameric K™ channel (Lees-Miller et al, 1997), and how the position of the
mutation affects the functionality of the channel is unclear. It is possible that the
hERG-1b isoforms may be unaffected by the R176W mutation. This could
explain why the co-expression of the WT allele together with the R176W allele
abolished the difference in current densities observed between the cells
expressing only the mutant allele or only the WT allele (Fodstad et al, 2006). If
hERG-1b is less frequently present in the channel than hERG-1a, the expression
of the WT allele might be sufficient to cover the need for hERG-1b in
assembling functional channels. On the other hand, in cardiomyocytes, the
expression of both alleles could not rescue the cells from the disease phenotype,

and this difference may be explained by differences in the cellular milieus in
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cardiac and non-cardiac cells. One possible difference could be related to
alternative splicing. Possibly the portions of hERG-1a and -1b are different in
cardiomyocytes compared to the scenario where the ZERG gene is transiently
transfected into non-cardiac cells. Nevertheless, both model systems, the iPS
cell-based cardiac model and transiently transfected non-cardiac cell model,
have shown that the R176W mutation is recessive by nature and not dominant
negative.

An example of a ZERG mutation with a dominant negative effect was
introduced by another research group who presented a cell model for LQT2
based on iPS cell technology (Itzhaki et al, 2011). In that study, iPS cell lines
with an alanine to valine substitution (A614V) in AERG at position 614
(Nakajima et al, 1998) were derived from a severely symptomatic LQT2 patient
with documented episodes of TdP arrhythmias (Itzhaki et al, 2011). The A614V
mutation caused a more severe decrease in Ikr current density than observed in
the studies with the R176W mutation included in this thesis (I). Cardiomyocytes
carrying the A614V mutation also had a more prolonged APDgo compared to the
R176W mutation carriers. EADs were present in 66 % of the cells containing
the A614V mutation, while only 5 % of the cells carrying R176W in hERG
showed EADs. These results most likely reflect the difference in severity of the
two mutations, R176W vs. A614V. This difference is at least partially explained
by the different effects of the mutations; A614V is known to have a dominant
negative effect (Nakajima et al, 1998), while R176W is recessive by nature
(Fodstad et al, 2006). On the other hand, in the first study (I) presented in this
thesis (Lahti et al, 2012), the cardiomyocytes that were heterozygous for
R176W still presented the disease phenotype (see the comparison between the
phenotypes observed in in vitro models carrying different LQT2-related

mutations in Table 6).
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Another example of an in vitro model for LQT2 also introduced a
patient with episodes of syncope, seizures and TdP (Matsa et al, 2011). That
study demonstrated that the APDs of both atrial-like and ventricular-like iPS
cell-derived cardiomyocytes were significantly prolonged. These cells carried a
glycine to alanine substitution in ZERG at position 1681 (G1681A); the cells did
not demonstrate any spontaneous EADs, but EADs were triggered by B-
adrenergic stimulation. The APDs were prolonged, but other AP properties were
comparable to those reported for wild type cardiomyocytes (Gai et al, 2009;
Yokoo et al, 2009; Zwi et al, 2009). In that study, iPS cells were generated from
symptomatic and asymptomatic individuals, both carrying the same mutation
(G1681A). The cardiac myocytes originated from the symptomatic daughter had
a more pronounced, prolonged AP duration than the cells generated from the
asymptomatic mother (Matsa et al, 2011). This fact indicates that even the same
mutation does not guarantee a similar phenotype of LQTS in the
cardiomyocytes, but instead the cell model derived from the patient’s own cells
is needed, for example, for designing individualized medications.

Recently, Bellin and colleagues published an iPS cell -based model for
LQT2 which utilized patient’s own cells as control cells after targeted gene
correction (Bellin et al, 2013). In this LQT2-model, the mutation that caused
LQT?2 was a substitution of an asparagine to isoleucine at position 996 in hRERG
(N996I). The same mutation was also introduced in human embryonic stem
cells (hESCs) to create another isogenic pair of LQT2-specific- and control
cardiomyocytes to be compared. The correction of the mutation in iPS cells
normalized the Ik: current and the AP duration, and the introduction of the
mutation reduced Ikr and prolonged the AP duration in hESCs. This study also
revealed a trafficking defect caused by N9961 on hERG (Bellin et al, 2013).
Matsa and colleagues also published a work were LQT2-phenotype was rescued

(Matsa et al, 2014). In this study the iPS cell -derived cardiomyocytes carried
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the same mutation as was published in the previous work from the same group,
G1681A (Matsa et al, 2011), and allele-specific RNA interference (RNA1)
toward the mutated hERG was used to normalize the AP duration and Ikr
current. The study also revealed that G1681A mutation causes a dominant-
negative trafficking defect on hERG (Matsa et al, 2014). Yet another iPS cell -
based model for LQT2 was published by Spencer and colleagues very recently
(Spencer et al, 2014). In this study the LQT2 specific cells carried alanine to
threonine substitution at position 422 (A422T) which produces trafficking-
defective hERG channels and decreased Ikr current. The A422T specific
cardiomyocytes exhibited prolonged APs as well as prolonged intracellular Ca?*
transients. Also, EADs were present in LQT2 specific cardiomyocytes, and
correlates of EADs were detected with Ca?*-imaging (Spencer et al, 2014).

In the case of LQT2, it seems that there is a correlation between the
severity of the clinical manifestation of the disease and the phenotype observed
in the in vitro model but because the results are from separate works, and there
are only four models that can be compared, this conclusion may be incorrect
(Table 6). The information included in the two recent articles (Bellin et al, 2013;
Matsa et al, 2014) was not enough to make any comparisons.

Almost all the drugs that are known to induce a prolonged QT interval
and thereby the acquired form of LQTS, function by blocking the Ik current in
cardiomyocytes by binding to hERG (Roden et al, 1996; De Bruin et al, 2005)
or by interrupting hERG trafficking to the cell membrane (Dennis et al, 2007).
In addition, it has been suggested that the drugs blocking Ik: channels may
induce the prolonged QT interval only in individuals who are already sensitive
for a prolonged interval (Roden, 2005). Whether this sensitivity is due to a
latent mutation in ZERG or another possibility that reduces the repolarization
reserve of the cardiomyocyte is unknown. These other sensitizing factors may

include the presence of mutations in other genes, simultaneous exposure to other
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drugs, female gender or hypokalemia (Roden, 2006; Lehtonen et al, 2007).
Notably, the estimated prevalence of LQTS worldwide is between 1:5,000 and
1:10,000; however, in Finland, one individual out of 250 is a carrier of a LQTS-
related mutation (Marjamaa et al, 2009). In addition, the increasing
identification of asymptomatic mutation carriers throughout the world may
indicate that the worldwide approximation is also an underestimation (Schwartz,
1985; Ackerman, 1998; Piippo et al, 2001). This finding indicates that quite a
large human population may be predisposed to an increased risk of prolonged

QT by a variety of drugs (Kaye et al, 2013).

6.3.3. Comparison of the disease phenotype
revealed by different methods (I, I, Il)

An interesting observation of the LQTS-specific cardiomyocytes is that the
disease phenotype is more clearly observed in single cells compared to cell
clusters or the entire heart. This result is obvious if the results from patch clamp
-recordings, Ca**-imaging and video analysis are compared to the results
obtained by MEA measurements and clinical ECG recordings from the same
patient. However, all the methods mentioned above measure different matters.
The patch clamp -recordings reveal electrophysiological phenomena of the
cells; Ca*-imaging measures the fluctuation of Ca®" concentrations in the
cytoplasm; and the video analysis describes purely the mechanical
characteristics of the contraction and relaxation of the cardiomyocytes. On the
other hand, the MEA measures the FPs from the clusters of cardiomyocytes, and
an ECG reveals the electrical activity of the whole heart. All of these methods
are able to expose the disease phenotype, even though the approach is different
if different methods are used. In the first study presented in this thesis (I), the
single cell recordings by the patch clamp -method showed a prolonged
difference of 66 % in the APDgo in LQT2-specific cells compared to control
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cardiomyocytes, while the FPDs measured from cell aggregates using MEA
differed by only 20 % between the LQT2-specific and control cells. The results
from MEA measurements more resembled the differences observed in the ECG
of the patient and healthy individuals (Fodstad et al, 2006) than the results
gathered by patch clamp. The iPS cell-based models for LQT2 generated by
other research groups have also demonstrated the same: a better correlation
between the clinical ECG and MEA data than between clinical measurements
and measurements from single cells, as well as a more prolonged repolarization
observed in single cells than in cell aggregates (Itzhaki et al, 2011; Matsa et al,
2011; Moretti et al, 2010). Again, it needs to be remembered that these methods
are not comparable with each other, although they all measure electrical
properties of the cell, cell aggregate or an organ. As the measurements from
single cells or from cell aggregates are two-dimensional, the ECG draws a
three-dimensional picture of the electrical activity of the heart. Nevertheless,
this difference in the intensity of the disease phenotype observed by different
methods raises the question whether some compensatory mechanisms are
involved that are unable to function without the connections between the cells.
This hypothesis might explain the stronger manifestation of LQTS in single
cells compared to cell clusters or the whole heart.

On the other and, it was observed that part of the LQT1-specific cells
beat normally, and their beating behavior was not distinct from the beating
observed in control cardiomyocytes (III). One possible explanation for this
observation could be that the expression ratio of wild type to mutated allele
varied from cell to cell. The patients studied here (III) were both heterozygous
for the LQTl1-related mutation, so both alleles are present in the cells.
Nevertheless, the fact that the disease phenotype was observed in some
cardiomyocytes more clearly than in others underscores the importance of

studying the LQTS specific-cardiomyocytes on a single cell level. As mentioned
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previously, the defects that can be detected from single cells may be
compensated when cardiomyocytes are beating in aggregates. Normally beating
cardiomyocytes may synchronize the cells that beat abnormally, resulting in a
more or less normally beating cell cluster. Also it is possible that the atrial and
conducting type of cardiomyocytes are present in the cell clusters, and they may
pace the beating and synchronize the beating behavior. The compensatory
mechanisms may explain why the patients experience arrhythmias only in
certain circumstances; e.g., LQT1 patients during exercise when the beating rate
is high and LQT2 patients typically if they are awakened by an auditory
stimulus (Table 3).

Yet another way to approach the issue of difference in the intensity of
the disease phenotype observed by different methods, is through the EMV
(Gallacher et al, 2007; van der Linde et al, 2010; ter Bekke et al, 2014). It is
possible, that the abnormalities are partially manifested as differences in timing
between electrophysiological and mechanical behavior and thereby not observed
when only one method is used, but instead, simultaneous measurement of
electrical activity and mechanical features is needed.

Using the patch clamp -technique, one obvious difference between the
LQT1-specific cardiomyocytes carrying either of the two different mutations
(G589D or ivs7-2A>G) was observed. Spontaneous EADs occurred in
cardiomyocytes specific for the G589D mutation, but no spontaneous EADs
were observed in control cells or in cardiomyocytes carrying the ivs7-2A>G
mutation in KCNQI. Both mutations prolonged APD, but G589D may have an
additional function to promote EADs in the cells carrying the particular
mutation. EADs are primarily due to the reactivation of L-type Ca*" channels
during phases 2 and 3 of the cardiac AP. This reactivation is dependent on
voltage and changes in the membrane potential during phase 2 or 3 (Lankipalli

et al, 2005). In deed, LQTS-related EADs have been abolished by blocking of
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L-type Ca*" channels using nifedipine (Spencer et al, 2014). Similarly to the
patch clamp -data, the cardiomyocytes carrying these different mutations
behaved in a mechanically distinct manner, as observed by video analysis. In the
G589D-specific cardiac myocytes, the most prevalent abnormality detected was
prolonged contraction, while the most commonly observed abnormal behavior
in ivs7-2A>G-specific cardiomyocytes was the vacillation before or during
relaxation. The differential effects of the two mutations on Ca** handling in
these cells was exposed by Ca**-imaging, which also resulted in the distinction
of two different types of arrhythmic behavior: arrhythmias with two or more
Ca?" peaks (AD) and arrhythmias of small amplitude Ca?* events in between the
stable amplitude Ca** spikes (AS). The portions of these different abnormalities
were slightly variable as different methods were used, but the distinction
between the effects of the two mutations could be observed with multiple
techniques.

LQT2 phenotype detected using Ca*-imaging was demonstrated very
recently in iPS cell -derived cardiomyocytes also by another research group
(Spencer et al, 2014). This study showed that intracellular Ca** transients were
markedly prolonged in LQT2 specific cardiomyocytes compared to controls,
and also correlates of EADs were observed in Ca®* signals. In the same study it
was reported that LQT3 specific cardiomyocytes exhibited abnormal
mechanical beating behavior with oscillating contraction phase but the
phenomenon was not further analysed, and such observation was not reported

for LQT?2 specific cells (Spencer et al, 2014).
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6.3.4. Allelic imbalance and beating behavior
of long QT syndrome -specific cardiomyocytes (11l)

Approximately 70 % of the LQT1-specific cardiomyocytes beat abnormally,
and approximately 30 % were normally beating cells and resembled control
cardiomyocytes with regard to their mechanical properties. A similar variation
was observed in Ca?" handling as observed by Ca®'-imaging, although the
proportions were slightly different. To uncover the reason for this phenomenon,
allelic imbalance qPCR was performed. With this method, the expression levels
of the wild type and mutated versions of KCNQ! in heterozygous cells can be
identified. In the cells carrying the G589D mutation in KCNQI, the expression
ratio was 4:1; the WT allele was responsible for 80 % of the expression, while
20 % of the expressed KCNQI was of the mutated form. This ratio reflects the
situation at the mRNA level, which does not report the portions of the two
alleles at the protein level. The transcripts may be alternatively processed before
translation into proteins. Nevertheless, the expression ratio of 4:1 nicely agrees
with the fact that 71 % of the G589D-specific cardiomyocytes beat abnormally,
and 29 % of the cells carrying the mutation beat normally. If the mathematic
probability of one tetrameric ion channel to contain only WT subunits is
counted, the result is 41 %. On the other hand, the probability for the same
channel to contain one or more subunits carrying the mutation is 59 %. These
probabilities are counted in the situation where the expression ratio is exactly
4:1. In short, with a probability of 59 %, the Iks channel contains one or more
mutated subunits, which may cause impaired function of the channel.
Approximately 71 % of G589D-carrying cardiomyocytes beat abnormally.
However, unpublished data from another research group suggest that G589D
mutation is a trafficking mutation with normal functioning but with hindered
transportation to the plasma membrane (personal communication with

Professors William R. Kobertz and Henry M. Colecraft). This comportment

133



would mean that all the subunits in the cell membrane are WT ones, but the
number of functioning Iks channels may be reduced.

For the KCNQ1-ivs7-2A>G mutation, the allelic discrimination resulted
in an expression ratio of 3:1, which indicates 75 % of the mRNA is WT and 25
% of the mRNA is mutated mRNA. The observed portion of normally beating
cardiomyocytes among these cells was 32 %, and the abnormally beating
portion was 68 %. The calculated probabilities for the WT and mutated subunits
to form the tetrameric K" channel using the ratio of 3:1 are exactly 32 % for the
channel with only WT subunits and 68 % for the situation that at least one of the
subunits is mutated. These mathematical calculations support the results from
the allelic discrimination studies, although the allelic imbalance qPCR does not
reveal the expression ratio at the protein level. The mechanism of ivs7-2A>G
mutation is unknown but it does have a complete loss-of-function effect on the
Iks channel, and the effect is dominant negative (Fodstad et al, 2006). This
suggests that the ivs7-2A>G-mutated KCNQI is transported to the plasma
membrane where the mutation affects the functioning of the Iks channel. When
the results from allelic discrimination analysis are evaluated, this technique
shows the expression ratios in the whole population of cells. This analysis does
not detect differences between the expression ratios in single cells that form the
population, indicating that variation may exist in the allelic discrimination from

one cardiomyocyte to another.

6.3.5. Limitations in the use of cardiomyocytes
derived from pluripotent stem cells (I, I, Il)

Although iPS cell technology has provided a clear improvement over previous
ways to model human cardiac diseases, the iPS cell-based models are far from
perfect. One of the most distracting disadvantages of these cardiomyocytes

derived from pluripotent stem cells is their immaturity. When compared to
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primary cardiomyocytes, the stem cell-derived cardiac cells have an immature
morphology because they are usually not as elongated as primary cells, and their
shape can vary from round to triangular, square or polygon. In addition, the
organization of the sarcomeric structure is incomplete. In primary
cardiomyocytes, the sarcomeres are parallel, and the chains of sarcomeres
stretch from one end of the cell to another. In contrast, the sarcomeres in iPS
cell-derived cardiomyocytes are usually in disarray instead of arranged in a
sequence (Lieu et al, 2009; Luna et al, 2011). The immaturity can also be
observed as the lack of t-tubule structures in cardiomyocytes derived from
pluripotent stem cells, although the cells were ventricular-like (Lieu et al, 2009).
The lack of t-tubules causes deficiencies in Ca?* handling in these
cardiomyocytes because the spread of electrical signals in the cells may not be
rapid enough to induce a homogenous Ca’>" release from the SR. The non-
homogenous release of Ca?* finally leads to a non-synchronous contraction of
the cardiomyocyte (Ferrantini et al, 2013).

The immature nature of the cardiomyocytes derived from iPS cells may
cause some errors when the phenotypes of these cells are evaluated. This fact is
important to remember if iPS-derived cardiomyocytes are used as a disease
model or for drug testing because part of the abnormalities observed in these
cells may result from the immature state of the cells instead of the disease
phenotype. Indeed, an abnormal beating behavior and anomalies in Ca*'
signaling were observed in control cardiomyocytes in study III included in this
thesis. However, the occurrence of anomalies was not as common in control
cells as in LQT1-specific cardiomyocytes, which may indicate that at least a
portion of the abnormalities was due to the disease. However, the “disease
phenotype” may actually be a consequence of the immaturity of the

cardiomyocytes.
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In addition to the general immaturity of the iPS cell-derived
cardiomyocytes, the rate and uniformity of differentiation is a matter of concern.
How can one verify that all the cardiomyocytes studied are equally mature? It is
possible for exampe, that a certain mutation related to cardiac disease may affect
the function of the cardiomyocyte in a manner that the differentiation and
maturation of that cell is slower compared to the differentiation and maturation
of a control cardiomyocyte. If this difference occurs and the functionality of the
cardiomyocytes with a disease are compared to control cells that have been
differentiated similarly, it is possible that the two groups of cells will not be at
the same phase of differentiation and maturation at the same time. The rate of
differentiation may also vary for other reasons that are not related to the
genotype of the cells, but may be related to for exampe, the variability in the
cell culture conditions or the original iPS cell lines. AP characteristics are
known to vary among cardiomyocytes derived from different iPS cell lines
(Doss et al, 2012). Nevertheless, the time of culturing after differentiation has
an effect on the maturity of the cardiomyocytes, which can be seen as changes
in the expression of ion channels related to the cardiac AP (Sartiani et al, 2007).
As a general observation concerning cardiomyocytes derived from a large group
of iPS cell lines, it seems that the Ikr current has a pronounced role at the
expense of other K currents (Doss et al, 2012), which may make iPS cell-
derived cardiomyocytes oversensitive to disturbances in the Ik:r current. To
evaluate the iPS cell-derived cardiomyocytes as a reliable model for the human
cardiac system, the state of their maturity should be tested; however, this
procedure is not straightforward. Using the patch clamp -technique, maturity
could be measured by analyzing the properties of an AP; however, if other

methods are used, the evaluation may be impossible.
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6.4. Future perspectives

An important goal of iPS cell technology and its cardiac applications is in
regenerative medicine. However, reaching this goal is restrained by a variety of
obstacles related to safety issues as well as the efficiency and rapidity of the
methods involved. First, the efficient production of iPS cells still utilizes viruses
for the delivery of reprogramming factors. The usage of retroviruses involves
problems with genomic integration of the viral transgenes, reactivation of these
genes even if the genes are silenced after reprogramming and the risk of tumor
formation. For these reasons, iPS cells produced using integrating viruses are
obviously unsuitable for therapeutic purposes. On the other hand, novel, non-
viral and non-genetic methods for reprogramming have been developed and are
improving quickly, and these methods may resolve the problem. Second, the
differentiation of iPS cells into cardiomyocytes still needs to be refined because
the current methods are not able to efficiently produce homogenous populations
of cardiomyocytes with a high enough quality and in large quantities. Instead,
the differentiated cardiomyocytes form cell aggregates or cell sheets that are
usually composed of a mixed population of different subtypes of cardiac cells as
well as non-cardiac cells. In addition, the maturation state of the cardiomyocytes
may vary among the cell aggregates and between different instances of
differentiation. Third, defined, xeno-free culture conditions are needed for
reprogramming, for maintenance of the iPS cells, and for the differentiation of
iPS cells into cardiomyocytes if these cells are to be used for clinical purposes.
Finally, the time that is needed for iPS cell production and their differentiation
into functional cardiomyocytes might be too long for the treatment of some
acute conditions, such as myocardial infarction. However, this problem may be
circumvented by directly reprogramming fibroblasts into cardiac myocytes,
which has been performed previously (Jayawardena et al, 2012; Nam et al,

2013).
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While the usage of iPS cell applications for regenerative medicine in
cardiology will most likely not become a reality in the near future, the iPS cell
technology most likely can be utilized earlier for cardiac disease modeling,
preclinical drug testing and designing personalized medications for patients.
Multiple iPS cell lines specific for a variety of cardiac diseases have already
been introduced: The LEOPARD syndrome (Carvajal-Vergara et al, 2010), an
overlap syndrome of cardiac Na® channel disease (Davis et al, 2012),
hypertrophic cardiomyopathy (Lan et al, 2013), familial dilated cardiomyopathy
(Ho et al, 2011; Siu et al, 2012; Sun et al, 2012), arrhythmogenic right
ventricular cardiomyopathy (Caspi et al, 2013; Kim et al, 2013; Ma et al, 2013),
catecholaminergic polymorphic ventricular tachycardia (Di Pasquale et al, 2013;
Fatima et al, 2011; Itzhaki et al, 2012; Jung et al, 2012; Kujala et al, 2012;
Novak et al, 2012), Pompe disease (Huang et al, 2011) and LQTS (Bellin et al,
2013; Egashira et al, 2012; Itzhaki et al, 2011; Lahti et al, 2012; Ma et al, 2013;
Malan et al, 2011; Matsa et al, 2011; Moretti et al, 2010; Terrenoire et al, 2013;
Yazawa et al, 2011), and the functionality of the cardiomyocytes derived from
these cells has been evaluated. The disease phenotypes have been reproduced in
these in vitro models, and some drug testing has been conducted using models
generated using patient-specific iPS cells (Liang et al, 2013). However, for
reliable studies on the pathogenesis of certain cardiac diseases or for
pharmacological testing with sufficient accuracy and reproducibility, the
cardiomyocyte population should be homogenous and contain only one subtype
of cardiac myocytes. Furthermore, these cells should be mature and adult-like in
their phenotype. To fulfill this requirement, the differentiation methods need to
be improved as mentioned previously. In addition, three-dimensional model
systems may be required to mimic the physiological condition more reliably and

to regulate the differentiation of cardiomyocytes toward a more mature state.
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A prolonged QT interval is the most common severe side effect of
pharmaceuticals and the most common reason for the withdrawal of drugs
already on the market (Roden, 2004). Because the individuals carrying a
mutation related to LQTS may be more sensitive for this prolonged interval,
preclinical drug testing should be implemented in cell models that have LQTS-
related mutations as well as in models of wild type cardiomyocytes. For this
reason, these in vitro models for LQTS need to be developed, although the
quality of the methods involved in the production and characterization of the
models still needs further polishing.

Although many obstacles need to be overcome before iPS cell-derived
cardiomyocytes can be used for clinical applications or for drug discovery, these
cardiomyocytes already supply unprecedented opportunities for disease
modeling. In the near future, the cardiomyocytes derived from patient- and
disease-specific 1PS cells can most likely be utilized for designing
individualized medications and for the diagnostics of a variety of genetic
cardiac diseases. In spite of the fact that cardiomyocytes derived from
pluripotent stem cells are rather immature by their nature, the models based on
iPS cell technology provide a huge improvement compared to previous models
using animals or transfected non-cardiac cells (Paavonen et al, 2003; Sugiyama
2008; Sugiyama et al, 2011). Besides, problems are there to be solved, and iPS
cell derived cardiomyocytes may offer tremendous opportunities for

pharmacological industry and even for the regenerative medicine in the future.
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7. Conclusions

The aim of this work was to establish iPS cell lines from both control
individuals and patients suffering from different subtypes of LQTS, differentiate
the 1PS cells into cardiac myocytes and evaluate the characteristics and function
of these cardiomyocytes. Based on the three studies presented in this thesis, the

following can be concluded.

- Several iPS cell lines were established from dermal fibroblasts of
healthy individuals as well as patients with LQT1 or LQT2. These iPS
cells differentiated into functional cardiomyocytes expressing cardiac
markers and exhibiting electrophysiological properties that are typical of
cardiac myocytes.

- LQTlI-specific iPS cells differentiated into cardiac myocytes and
reproduced the disease phenotype, which was observed as prolonged
APDs of the LQTI-specific cardiomyocytes compared to the APDs
measured from control cells.

- LQT2-specific cardiomyocytes displayed the disease phenotype in vitro,
although the fibroblast donor had a relatively mild clinical phenotype.
The abnormal electrophysiology of the cardiac myocytes was observed
as a prolonged repolarization time, which was shown by both the patch
clamp method and MEA.

- A novel method for the characterization of mechanical properties of
cardiomyocytes was developed. This method is based on video
recordings and is an easy, fast and relatively inexpensive method to use.
This method is non-invasive, non-toxic and label-free and may result in
additional information compared to the results obtained purely by

electrophysiological analysis of cardiomyocytes.
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The LQTS phenotype can be detected by analyzing only the mechanical
behavior of single cardiomyocytes, and for the first time, the abnormal
mechanical properties of beating in the LQTS-specific cardiomyocytes
derived from iPS cells were reported.

Two different mutations (G589D and ivs7-2A>G) in KCNQI caused
distinct phenotypes of LQT1 in vitro, which could be detected using the
patch clamp -technique and Ca®’-imaging, as well as by analyzing the

mechanical behavior of the beating cardiomyocytes.
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Model for long QT syndrome type 2 using human iPS
cells demonstrates arrhythmogenic characteristics in
cell culture

Anna L. Lahti"%*, Ville J. Kujala'?*, Hugh Chapman?, Ari-Pekka Koivisto®, Mari Pekkanen-Mattila'?, Erja Kerkela'*,
Jari Hyttinen?* Kimmo Kontula®, Heikki Swan?®, Bruce R. ConklinS, Shinya Yamanaka®’, Olli Silvennoinen'?® and
Katriina Aalto-Setala'%95

SUMMARY

Long QT syndrome (LQTS) is caused by functional alterations in cardiac ion channels and is associated with prolonged cardiac repolarization time
and increased risk of ventricular arrhythmias. Inherited type 2 LQTS (LQT2) and drug-induced LQTS both result from altered function of the hERG
channel. We investigated whether the electrophysiological characteristics of LQT2 can be recapitulated in vitro using induced pluripotent stem cell
(iPSC) technology. Spontaneously beating cardiomyocytes were differentiated from two iPSC lines derived from an individual with LQT2 carrying
the R176W mutation in the KCNH2 (HERG) gene. The individual had been asymptomatic except for occasional palpitations, but his sister and father
had died suddenly at an early age. Electrophysiological properties of LQT2-specific cardiomyocytes were studied using microelectrode array and
patch-clamp, and were compared with those of cardiomyocytes derived from control cells. The action potential duration of LQT2-specific
cardiomyocytes was significantly longer than that of control cardiomyocytes, and the rapid delayed potassium channel (lg,) density of the LQT2
cardiomyocytes was significantly reduced. Additionally, LQT2-derived cardiac cells were more sensitive than controls to potentially arrhythmogenic
drugs, including sotalol, and demonstrated arrhythmogenic electrical activity. Consistent with clinical observations, the LQT2 cardiomyocytes
demonstrated a more pronounced inverse correlation between the beating rate and repolarization time compared with control cells. Prolonged
action potential is present in LQT2-specific cardiomyocytes derived from a mutation carrier and arrhythmias can be triggered by a commonly used
drug. Thus, the iPSC-derived, disease-specific cardiomyocytes could serve as an important platform to study pathophysiological mechanisms and

drug sensitivity in LQT2.

INTRODUCTION

Signal propagation between cardiomyocytes is a very tightly
regulated system. Mutations in ion channels involved in this system
can cause electrical alterations that, in certain circumstances, such
as during exercise or emotional stress, could trigger arrhythmias.
Sudden death in a young healthy person can be the first devastating
presentation of an underlying genetic disease. Long QT syndrome
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(LQTS) can either be genetic or acquired (e.g. drug-induced) in
nature and is due to defective functioning of cardiac ion channels.
LQTS is characterized by a prolonged cardiac repolarization phase
resulting in a long QT interval in the surface electrocardiogram
(ECG). The clinical symptoms of LQTS include palpitations,
syncope, seizures and even sudden cardiac death. A special type
of polymorphic ventricular tachycardia [torsade de pointes (TdP)]
is associated with LQTS. Intriguingly, many mutation carriers are
without any symptoms. A total of 12 congenital LQTS subtypes
are presently known (Hedley et al., 2009). Two of these subtypes
account for more than 90% of all genetically identified LQTS cases
and both are due to defective functioning of potassium channels.
LQTS type 1 (LQT1) is the most common subtype, resulting from
mutations in the KCNQI gene, which encodes the o-subunit of the
slow component of the delayed rectifier potassium current (Ixs)
channel (Chiang and Roden, 2000). Individuals with LQT1 typically
have symptoms during exercise (Schwartz, 2001; Roden, 2008).
LQTS type 2 (LQT2) is due to defective functioning of the a-
subunit of the rapid delayed potassium channel (Ix,), encoded by
the KCNH2 [also known as human ether-a-go-go-related gene
(HERG)] gene (Curran et al., 1995). Typically, individuals with LQT2
have clinical symptoms after abrupt auditory stimuli, often during
sleep when the heart rate is slow (Schwartz, 2001; Roden, 2008).
The acquired form of LQTS is also due to altered functioning of
the same KCNH?2 ion channel.

Induced pluripotent stem cell (iPSC) technology (Takahashi et
al,, 2007; Yu et al., 2007) has revolutionized research on genetic
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diseases. iPSCs can be generated from somatic cells of any
individual and these pluripotent cells can be differentiated into the
desired cell type. Accordingly, it is possible to create genotype-
specific cell models with a correct functional intracellular
environment. However, a major challenge in the iPSC approach is
to reproduce the phenotype of the disease or the individual in iPSC-
derived cells. An appropriate disease phenotype has been
reproduced with iPSC technology from individuals with LQT1
(Moretti et al., 2010), LQT2 (Itzhaki et al., 2011; Matsa et al., 2011)
and with Timothy syndrome (Yazawa et al., 2011). Considering non-
cardiac disorders, a disease phenotype or pathogenesis in iPSC-
derived models has been demonstrated only for a few neurological
diseases (Lee and Studer, 2010) and for the LEOPARD syndrome
(Carvajal-Vergara et al., 2010).

The penetrance of the clinical symptoms of LQTS is low and
there is considerable variation in phenotypic expression even
within families carrying the same mutation (Priori et al., 1999). In
addition, it has been proposed that the population prevalence of
milder LQTS mutations might be high, suggesting that the
prevalence of latent or concealed LQTS, i.e. relatively asymptomatic
individuals, is higher than currently anticipated (Marjamaa et al.,
2009). For these reasons, LQTS is clinically very challenging. The
previous LQT2 iPSC reports used individuals with severe
symptoms and the severity of their symptoms was translated to the
cardiomyocytes derived from the patient-specific iPSCs. However,
a cell model for asymptomatic LQT2 mutation carriers would be
valuable to help with clinical decisions about medical treatments
and lifestyle restrictions for relatively asymptomatic patients.

A more thorough understanding of the molecular mechanisms
underlying LQTS would be very helpful for the pharmaceutical
industry. Drug-induced forms of LQTS often arise as a result of
inhibition of the hERG channel gating, and is thus analogous to
LQT2 (Hancox et al., 2008). These adverse cardiac effects have led
to labeling restrictions on both cardiac and non-cardiac drugs as
well as to withdrawal from the market (Roden, 2004). Currently,
preclinical testing of new chemical entities (NCEs) for
proarrhythmic potential relies on animal experiments and ectopic
expression of individual ion channels in non-cardiac cells (Pollard
et al., 2008). However, current models lack the relevant human
physiological environment that might regulate or modify cellular
responses (Pollard et al., 2008). Thus, some NCEs could be
unnecessarily discarded in the preclinical phase, and others already
in clinical use might in fact elicit adverse cardiac side effects.
Functional cardiomyocytes derived from both symptomatic and,
possibly even more importantly, asymptomatic LQTS individuals
would add to and complement presently used models. These cell
models would provide the relevant cellular milieu to study genetic
and non-genetic interactions influencing the phenotype.

In the present study, we developed an in vitro cell model of LQT2.
In contrast to the previous reports (Itzhaki et al., 2011; Matsa et
al, 2011), we aimed at generating a model from cells of an
individual with LQT2 without severe symptoms. To that end, iPSC
lines were derived from a patient’s fibroblasts carrying a mutation
for LQT2. Although there is a family history of overt LQTS, this
individual was asymptomatic except for occasional palpitations and
his 12-lead ECG exhibited a heart-rate-corrected QT time (QTc)
of 437 ms. This model for LQT2 provides an important platform
to study the pathophysiology of LQT2 and to evaluate adverse
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cardiac effects of drugs with the potential to prolong the QT
interval.

RESULTS

Patient characteristics

A skin biopsy was obtained from a 61-year-old man with a missense
mutation in KCNH2 causing an arginine-to-tryptophan
substitution at position 176 (R176W, hERG-FinB; Fig. 1A).
Although there is a family history of overt LQTS, this individual
was asymptomatic except for occasional palpitations. His 12-lead
ECG exhibited a QTc of 437 ms (Fig. 1B). His sister was diagnosed
with LQTS having a QT (U)c interval of 550 ms (Fig. 1C), presence
of palpitations and sudden death at the age of 32.

Characterization of iPSCs

Fibroblasts from an individual with LQT2 were infected with
retroviruses encoding for OCT4, SOX2, KLF4 and MYC to generate
iPSCs. Morphologically, iPSC colonies exhibited characteristics
similar to those of human embryonic stem cells (hESCs), with
rounded shape and clear defined edges (Fig. 2A). Both LQT2-
specific iPSC lines (UTA.00514.LQT2 and UTA.00525.LQT2) and
control iPSC lines expressed endogenous pluripotent markers at
the mRNA level, as shown by reverse transcriptase PCR (RT-PCR)
(Fig. 2B). The protein expression of pluripotency genes was also
demonstrated by immunocytochemical stainings (Fig. 2C) for
further confirmation. By contrast, exogenous gene expression was
turned off in all iPSC lines by passage six (Fig. 2B). Exogenous gene
expression was not detected after cardiac differentiation,
demonstrating that these genes were not reactivated in the process
(data not shown). The generated iPSC lines were also analyzed for
their karyotypes, which were all normal (Fig. 2D).

To confirm the pluripotency of our iPSC lines, an embryoid body
(EB) formation assay was performed. The EB-derived cells from
LQT2 iPSC and control iPSC lines all expressed markers from the
three different embryonic lineages: endoderm, ectoderm and
mesoderm (Fig. 2F). Pluripotency of the lines was further confirmed
by teratoma formation. Teratomas were made from one LQT2-
specific line (UTA.00525.LQT2) and two control lines
(UTA.00112.hFF and UTA.01006.WT). In every case, tissues from
all three germ layers were found in the teratomas (Fig. 2E).
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Fig. 1. Mutation and ECG analysis. (A) Mutation analysis confirmed the hERG-
FinB mutation in the LQT2 iPSC line, which gave altered DNA cleavage by the
Smal restriction enzyme (lower arrow). (B,C) ECG from leads V1-V3 of the index
patient, with a QTc of 437 ms (B), and from the patient’s sister, with the
presence of a U-wave following the T-wave; QT(U)c=550 ms.
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Cardiomyocyte differentiation and characterization

LQT2-specific iPSCs, control iPSCs and hESCs differentiated into
spontaneously beating cells. As shown by RT-PCR, these
differentiated control and LQT2 cardiomyocytes expressed cardiac
markers: troponin T (TNTT2), ventricular myosin light chain
(MLC2V), atrial myosin light chain (MLC2A), connexin-43 (Cx-
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Fig. 2. Characterization of
iPSCs. (A) Morphology of the
iPSC colonies is similar to those
of hESCs. The colonies are rather
roundish and the edges are well
defined and sharp, which is
typical for a stem cell colony.

(B) Expression of pluripotency
markers in LQT2-specific iPSCs is
shown by RT-PCR. All the
endogenous pluripotency genes
studied were turned on in iPSCs
by passage 6 (top panel). As a
positive control, they were also
expressed in hESCs (H7).
Expression of Sox2 and very
modest expression of Rex7 and
Myc was found also in EBs,
which were used as a negative
control. B-actin served as a
loading control. None of the
exogenous genes were
expressed in iPSCs at passage

X 11. As a positive control, PCR

hr was also done using the
transfected plasmids as
templates (bottom panel). RT-
PCR results were similar for all
the iPSC lines.

(C) Immunocytochemical
staining of the cells shows that
pluripotency markers are
expressed also at the protein
level. The expression of Nanog,
Oct3/4, Sox2, SSEA-4, TRA1-60
and TRA1-81 was similar in all
iPSC lines and there were no
differences between LQT2-
specific and control lines.

(D) Karyotypes of all the iPSC
lines were analyzed and proved
to be normal. (E) Teratomas were
made from one LQT2-specific
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43), myosin heavy chain § (MHC-; MYH7), HERG and GATA4
(Fig. 3B). The expression of cardiac troponin T, a-actinin and Cx-
43 was also seen at the protein level as evidenced in Fig. 3A. The
electrical properties of iPSC- and hESC-derived cardiomyocytes
were also studied using microelectrode array (MEA; Fig. 3C,D).
There were differences between control and LQT2-specific cells
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Fig. 3. The expression of cardiac markers in iPSC-derived cardiomyocytes
and the electrical properties of the cells. (A) Immunocytochemical staining
of different cardiac markers: troponin T and o-actinin are shown in red; green
indicates connexin-43 and blue represents DAPI-staining for nuclei. The
expression was similar in LQT2-specific and control cells, and there were no
line-specific differences in the expression of cardiac proteins. (B) The
expression of a larger repertoire of cardiac markers was also studied, with RT-
PCR showing that the iPSC-derived cardiac cells manifest cardiac properties.
TNTT2, MLC2V, MLC2A, Cx-43, MYH7, GATA4 and HERG were present in the cells
at the mRNA level. (C) Electrical properties of the cells were studied with MEA,
which revealed the differences between LQT2-specific and control cells. FPD
was significantly longer in LQT2-specific cardiomyocytes than in control
cardiac cells. However, all lines evince the typical electrical properties of
cardiomyocytes. (D) LQT2-specific cardiomyocytes showed increased
chronotrophy when challenged with isoprenaline, a -adrenergic agonist.
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Fig. 4. Current-clamp recordings from human iPSC-derived
cardiomyocytes. (A) Spontaneous APs from healthy control iPSC-derived
(upper APs) and LQT2 patient-derived (lower APs) cardiomyocytes. The dashed
line denotes 0 mV. (B) The action potential duration (APD) measured at 50%
and 90% repolarization from the AP peak (APDso and APDgg) of spontaneous
atrial-like (n=5-6) and ventricular-like APs. For the latter, both the APDs, and
APDg, of LQT2 patient-derived cardiomyocytes (n=13) were significantly
prolonged compared with those of hESCs (n=7) or control-iPSC origin (n=11).
(C) Spontaneous arrhythmogenic activity of an LQT2-iPSC-derived
cardiomyocyte.

in their field potential durations (FPDs) (Fig. 3C), but both types
showed increased chronotrophy when treated with isoprenaline, a
B-adrenergic agonist (Fig. 3D), which is the anticipated response
and indicates intact B-adrenergic signaling.

Electrophysiological properties of differentiated cardiomyocytes

The differentiation of both control and LQT2-specific iPSCs into
cardiomyocyte subtypes was evident from the morphology of the
spontaneous action potentials (APs) recorded with the patch-clamp
technique. Two types of AP morphology were observed: ventricular-
like, which displayed a distinct plateau phase; and atrial-like, which

Disease Models & Mechanisms

were triangular shaped (Fig. 4A). The AP properties of control-iPSC-
derived cardiomyocytes were similar to those of other human ESC
and iPSC studies (Table 1) (Gai et al., 2009; Yokoo et al., 2009; Zwi
et al, 2009). For most AP parameters there was no significant
difference between control and LQT2-iPSC-derived cardiomyocytes
(P>0.05; Table 1). However, ventricular-like LQT2-iPSC-derived
cardiomyocytes had significantly prolonged AP durations at 50% and
90% repolarization (APDsj and APDgy, respectively). The APDsy and
APDy of atrial-like LQT2-iPSC-derived cardiomyocytes, although
prolonged, did not reach statistical significance. On the borderline
of statistical significance was the slower AP frequency of ventricular-
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Table 1. AP properties of atrial- and ventricular-like cardiomyocytes

Human disease model for LQT2

dv/dt,

No. cells Frequency (Hz) APDs, (ms) APDg, (ms) (V/séco“::i) APA (mV) MDP (mV)
Atrial-like
Control 1.8+0.1 116.7+8.4 157.7£11.0 9.2+0.5 104.4+1.3 -65.6+0.6
LQT2 1.4£0.1 156.0+£25.0 210.9+£33.3 11.7+£1.6 105.0+2.7 -65.4+1.4
Ventricular-like
Control 13 1.2£0.1 264.7+£15.0 314.4+17.6 26.8+6.3 113.2+24 -63.4+1.3
LQT2 16 0.9+0.1° 4553+26.7° 538.0+28.5° 15.8+0.7 117314 -62.4+0.9

AP properties of spontaneously beating human iPSC-derived cardiomyocytes. dV/dt,,., maximum rise of the AP upstroke; APA, AP amplitude; MDP, maximum diastolic potential.
Mean values + s.e.m. are shown. Comparison of control iPSC-CMs and LQT2 iPSC-CMs groups was performed with unpairettest with P<0.05 considered statistically significant.

2P=0.05; ®P<0.000005. CMs, cardiomyocytes.

like LQT2-iPSC-derived cardiomyocytes; therefore, further analysis
was restricted to a subset of cardiomyocytes to reduce the effect of
any rate-dependent APD adaptation.

Both the APDsq and APDgg of LQT2-iPSC-derived ventricular-
like cardiomyocytes were significantly prolonged compared with
control-iPSC- and hESC-derived cardiomyocytes (P<0.001; Fig.
4A,B), at an AP frequency of about 1 Hz (P=0.13 between groups).
The APDgyy was 516.5+26.1 ms in LQT2-specific cardiomyocytes
compared with 310.5+19.6 ms in control-iPSC-derived
cardiomyocytes or 338.6+19.9 ms in hESC-derived cardiomyocytes.
The APDy did not differ significantly between cardiomyocytes
from the two LQT2 iPSC lines (UTA.00514.LQT2 and
UTA.00525.LQT?2) or between hESC-derived cardiomyocytes and
those of control iPSC origin. Collectively, these data indicate that
the LQT2-iPSC-derived cardiomyocytes express the disease
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phenotype, characterized by a prolonged cardiac repolarization
phase. Spontaneous arrhythmogenic activity was rare, early after
depolarizations (EADs) were observed in only one of 20 LQT2-
iPSC-derived cardiomyocytes studied (Fig. 4C) and in no recordings
from control iPSC cardiomyocytes (1#=20).

Ventricular-like cardiomyocytes were subjected to further
investigations using voltage clamp (Fig. 5). Using the specific inhibitor
E-4031, Ik, was isolated (Fig. 5A) and its magnitude shown to be
markedly reduced in LQT2 iPSC cardiomyocytes compared with that
in control iPSC cardiomyocytes (Fig. 5B). Tail Ik, density was
significantly decreased, by 40-46%, after a depolarizing step to
voltages from 0 to +40 mV (P<0.01; Fig. 5C). A similar reduction in
tail I, density (~40%) was seen in experiments when an alternative
method, isotonic cesium conditions (Zhang, 2006), was used to isolate
Ik, from a different control and LQT2 iPSC line (supplementary
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Fig. 5. Ix, recorded from iPSC cardiomyocytes with a ventricular-like AP. (A) Example of the isolation of Ix,. Whole-cell current, here from a control iPS
cardiomyocyte, was recorded in the absence (a) and then presence of 1 umol/I E-4031 (b), with I, defined as the subtracted current (a-b), i.e. the E-4031-sensitive
current. Current was evoked by a 5-second depolarization from a holding potential of -40 mV as shown in the inset. (B) Ik, of a control iPS (black) and LQT2 iPS
(red) cardiomyocyte evoked as in A with the time segment between the arrows expanded to show the peak tail currents on return to -40 mV following a step to
+20 mV. (C) The peak tail lx, densities of control iPSC (black; n=4) and LQT2 iPSC (red; n=5) cardiomyocytes at membrane potentials from 0 to +40 mV were
significantly different (*P<0.01, **P<0.005). (D) Iy, currents of control iPSC (black) and LQT2 iPSC (red) cardiomyocytes evoked by a voltage protocol of step to +20

mV for 150 ms and ramp of 120 ms back to the —40 mV holding potential.
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Fig. 6. FPD measured on MEA. (A) The effect of the beating rate on FPD in control and LQT2 cardiomyocytes (CMs). Control and LQT2 cardiomyocytes had a
negative correlation with moderately high coefficients of determination (R?). The exponential function gave the best fit as determined by R? between different
fitting functions. The LQT2 cardiomyocytes had significantly more prolonged FPD compared with controls, especially at low beating frequencies, as determined
by nonlinear regression analysis (P=0.0136). (B) At beating rates below 50 beats per minute (bpm), the FPD of LQT2 cardiomyocytes differed significantly from
control cardiomyocytes (*P<0.05) as determined by t-test. (C) Drug responses of control and LQT2 cardiomyocytes. Sotalol (19 umol/l) and E-4031 (500 nmol/I for
LQT2-specific cells and 700 nmol/I for control cells) was administered to the cardiomyocyte aggregates derived from control iPSCs and LQT2 iPSCs. For both cell
lines, baseline and drug conditions for sotalol and E-4031 are shown. Arrows mark the site of pharmacologically induced EADs. With 500 nmol/I E-4031 there

were no EADs observed in control cells.

material Fig. S1). The reduction in resurgent I, during repolarization
was also demonstrated with the use of a step-ramp voltage protocol
as a simplified version of a cardiac AP (Fig. 5D).

The in vitro cardiac FPD on MEA has been shown to correlate
with QT interval properties in the ECG, and FPD recordings of
beating cell aggregates give insight into the electrical function of
myocardial tissue in vitro (Caspi et al., 2008). We observed a
negative correlation between FPD and beating rate both in control
cardiomyocytes and LQT2-specific cardiomyocytes (Fig. 6A,B).
However, the LQT2 cardiomyocytes had a significantly prolonged
FPD compared with controls, especially at low beating frequencies
(P=0.014; Fig. 6A,B), as determined by nonlinear regression
analysis. The two LQT2 iPSC lines behaved the same way and,
thus, their data were combined, as were data from the three
different control iPSC lines and hESC-derived cardiomyocytes,
because they behaved similarly.

The inotropic response of the iPSC-derived cardiac cells was
studied using isoprenaline. A panel of drugs with known QT-
prolongation effects, including erythromycin, sotalol and cisapride,
and a non-drug compound, E-4031, were investigated. The selective

Disease Models & Mechanisms

hERG blocker E-4031 increased arrhythmogenicity in control
cardiac cells and even more frequently in LQT2 cardiomyocytes
(Fig. 6C). Application of sotalol (0.8-19.4 pmol/l), an anti-
arrhythmic drug with both -blocker and class III activity, elicited
arrhythmogenicity at the highest tested concentrations only in
LQT?2 cardiac cells (Fig. 6C). No increased arrhythmogenicity was
observed with erythromycin (1.5-16 umol/l) or cisapride (40-330
nmol/l) in control or LQT2 cardiac cells (data not shown). At
baseline, no arrhythmogenicity was observed with control or LQT2
cardiac cells on MEA.

DISCUSSION

In this study we demonstrate that patient-specific iPSCs can be
used to model a potentially lethal cardiac arrhythmic disease in
vitro. The cells were differentiated into functional cardiomyocytes,
which reproduced the phenotypic characteristics of LQT2,
including a prolonged repolarization time and increased
arrhythmogenicity. Furthermore, at slow beating rates, FPD (QT)
was significantly more prolonged in LQT2 cardiomyocytes
compared with control cells.

225



DMM

Disease Models & Mechanisms

RESEARCH ARTICLE

The R176W hERG mutation was reported to have the frequency
of 0.5% in apparently healthy individuals (Ackerman et al., 2003)
and, according to an epidemiological Finnish study, the mutation
is present in about one of 400 Finns (Marjamaa et al., 2009). The
majority of these individuals are completely asymptomatic and
unaware of their carrier status. This mutation is one of the four
founder mutations for LQTS in Finland and these mutations
account for almost two-thirds of all established LQTS cases in the
country (Fodstad et al., 2004). The QTc interval of LQT2 patients
with the R176W mutation is reported to range from 386 to 569
ms, with a mean of 448 ms, whereas the mean for non-carriers was
416 ms (Fodstad et al., 2006). Furthermore, the mutation has also
been identified in cases of sudden death (Tester and Ackerman,
2007; Tu et al,, 2011). Although our patient had latent LQTS, his
family did not. His younger sister died suddenly at the age of 32
when awakened by a telephone and his father died suddenly at the
age of 40. The sister was documented to have abnormal QT
intervals of up to 582 ms. The symptoms in this family, including
palpitations, syncope, and sudden death due to abrupt auditory
stimuli during sleep, were typical of LQT2 (Schwartz, 2001; Roden,
2008). In our study, the repolarization time was significantly
prolonged in cultured LQT2-specific cardiac cells, compared with
control cells, at low beating rates, and this is consistent with the
clinical observation that, at slow beating rate, the QT interval is
prolonged more in LQT2 patients compared with healthy
individuals (Swan et al., 1999).

Although the underlying mechanism of R176W is presently
unknown, when heterologously expressed, R176W reduces hERG
tail current density by ~75%, although upon coexpression with wild
type the difference in current densities was nullified (Fodstad et
al,, 2006). The decrease of ~43% in Ik, density observed here in iPS
cardiomyocytes from a heterozygous R176W individual might
reflect the difference in cellular environment, e.g. the composition
of the endogenous Ik, channel, which includes both the ubiquitously
in vitro expressed hERG1a subunit and hERG1b subunit with its
alternatively spliced N-terminus, presence of accessory subunits
and/or native interactions. However, it is also possible that this
observed discrepancy results from a differential expression of the
wild-type and mutant alleles in vitro versus in vivo. In both model
systems, R176W does not display a dominant-negative effect,
unlike the A614V hERG mutation (Nakajima et al., 1998). iPS cell
lines with that particular mutation derived from a severely
symptomatic LQT2 patient with recorded TdP have been generated
(Itzhaki et al., 2011). This mutation resulted in a decrease in the
activating Ik, density of 72% with a depolarization step to 0 mV
and of 64% in the tail current density following depolarization to
+20 mV. Smaller reductions in these values (43% and 40%,
respectively) were obtained for the R176 W hERG mutation here.
This difference in Iy, reduction translates to the APD: at 1 Hz the
ventricular-like LQT2 iPSC cardiomyocyte APDg, was 166% and
~200% of control for R176W and A614V, respectively, and in
arrhythmogenicity, with EADs rarely observed here (~5%) but
frequently (66%) in the report by Itzhaki and coworkers. Thus, the
in vitro results obtained with iPSC cardiomyocytes seems to
correspond to differences in expression of the disease, i.e. latent
versus overt LQTS. Similarly, Matsa et al. demonstrated that the
APD of both atrial-like and ventricular-like iPSC cardiomyocytes
was significantly prolonged when derived from an LQT2 patient
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with episodes of syncope, seizures and TdP (Matsa et al., 2011).
Although, in the study by Matsa et al, no spontaneous
arrhythmicity was observed, such an effect could be induced
pharmaceutically by isoprenalin.

One explanation for the genotype-phenotype discordance in
LQTS is the repolarization reserve. This concept proposes that
redundant mechanisms are available to bring about normal
repolarization; therefore, to elicit the full-blown LQTS phenotype
multiple hits might be required to sufficiently reduce the reserve
(Roden, 2006). Such ‘hits’ might be the presence of compound
mutations, polymorphisms, drug exposure, female gender,
hypokalemia or other risk factors (Roden, 2006; Lehtonen et al.,
2007). Evidence for the repolarization reserve and its genetic
modulation comes from studies of individuals or first-degree
relatives of individuals with drug-induced LQTS showing a
prolongation of repolarization indices with pharmacological
challenge (Kannankeril et al.,, 2005; Couderc et al., 2009). The
unmasking of latent LQTS can occur accidentally (e.g. associated
drug-induced TdP) (Lehtonen et al, 2007). In line with the
repolarization reserve hypothesis and the clinical data, R176W
LQT?2 cardiac cells were more sensitive to drug effects that controls.
The  hERG-channel-specific ~ blocker  E-4031  induced
arrhythmogenicity in both control and LQT2 cardiac cells, but
sotalol induced arrhythmogenic behavior only in LQT2 cardiac
cells. Sotalol has been used as a pharmacological challenge and is
documented as inducing TdP in a patient carrying a hERG channel
mutation (Lehtonen et al.,, 2007; Couderc et al., 2009). The
concentrations of sotalol used in this study are similar to the
effective free therapeutic plasma concentration range (1.8-14.7
umol/l) (Redfern et al,, 2003). Sotalol probably exacerbates the
underlying defect, because the potency of sotalol towards hERG is
similar between wild type and variant in transfected cells
(Minnikko et al., 2010).

Comparison of single-cell recordings and MEA analysis and ECG
findings of the patients revealed an interesting observation. Although
single-cell recordings indicated major differences in repolarization
time between control- and LQT2-derived cardiac cells (66% increase
in APy in LQT2 cardiomyocytes), the corresponding differences
measured using cell aggregates with the MEA technique were much
more moderate (10-20%) and resembled differences in ECG in
healthy individuals and LQTS patients (Fodstad et al., 2006). Similar
observations can be found in the previously reported iPSC studies
on LQTS. APy, duration was reported to be increased by 50% in
LQT1 cardiac cells compared with control cells, whereas the
difference in ECG was only in the range of 10-15% (Moretti et al,,
2010). In the studies with LQT?2 cells, the repolarization times were
greatly prolonged already at ECG level (50% or more) and similar
differences were observed in their MEA recordings (50% difference
between control and LQT?2 cardiac cells) (Itzhaki et al., 2011; Matsa
et al.,, 2011). However, in both of these studies, the APy, duration
was increased by 2- to 2.5-fold compared with control repolarization
time. It is possible that cell-to-cell contacts in the syncytium result
in compensatory mechanisms with a tendency to protect the
repolarization system from major deviation from the normal
conditions.

Our results on the abnormal electrophysiological properties and
increased drug sensitivity of cardiac cells derived from an
asymptomatic KCNH2 R176W mutation carrier raise an important
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issue about LQT?2 and also a new challenge, as well as a possibility,
for the pharmaceutical industry. LQT2 cell models for severely
symptomatic patients (Itzhaki et al., 2011; Matsa et al., 2011) are
most useful for studying the pathology of LQT2 and demonstrate
in a convincing way that the phenotype of this syndrome can be
reproduced in a cell culture model. Our results complement the
previous research on LQT2-specific iPSC-derived cardiomyocytes
by introducing a cell model for an asymptomatic mutation carrier.
According to our findings, even these clinically asymptomatic
individuals can possess the inherent -electrophysiological
abnormality in their cardiac cells. Taking advantage of this large
resource of Finnish individuals with the same mutation, it might
be possible to evaluate the electrophysiological properties and drug
responses of cardiomyocytes from mutation carriers with and
without symptoms, and thereby try to identify putative genetic or
non-genetic modifiers of LQTS. These types of studies might also
assist in the tailoring of individualized drug treatment of these
patients. In the future, iPSC technology is likely to be increasingly
exploited for drug development and safety studies.

In conclusion, iPSC-derived cardiomyocytes from an individual
with LQT?2 displayed the disease cardiac phenotype in cell culture
conditions even though the individual was relatively asymptomatic.
This model provides an additional platform to study the basic
pathology of LQTS and to individualize drug treatment in a
patient-specific manner. It also provides the means to explore the
differences between clinical patients and mutation carriers and to
scan the cardiac effects of different drugs on both.

METHODS
The study was approved by the ethical committee of Pirkanmaa
Hospital District (R07080).

Cell culture

The LQT2 cells were derived from a 61-year-old man with an
R176W mutation of KCNH2 (hERG-FinB) (Fodstad et al., 2004).
Primary fibroblasts from a skin biopsy were cultured under
fibroblast culturing conditions: Dulbecco’s Modified Eagle’s
Medium (DMEM) (Lonza, Basel, Switzerland) containing 10% fetal
bovine serum (FBS) (Lonza), 2 mmol/l L-glutamine, 50 U/ml
penicillin/streptomycin. 293FT cells (Invitrogen, Carlsbad, CA)
were maintained similarly with 1% non-essential amino acids
(NEAA) (Cambrex, East Rutherford, NJ). Plat-E (Cell Biolabs, San
Diego, CA), irradiated SNL-76/7 (HPA Culture Collections,
Salisbury, UK) and mouse embryonic fibroblast (MEF; Millipore,
Billerica, MA) cells were cultured without antibiotics. iPSCs and
hESCs were maintained in KSR medium: knockout (KO)-DMEM
(Invitrogen) containing 20% KO serum replacement (KO-SR,
Invitrogen), NEAA, L-glutamine, penicillin/streptomycin, 0.1
mmol/l 2-mercaptoethanol and 4 ng/ml basic fibroblast growth
factor (bFGF; R&D Systems, Minneapolis, MN). H7 hESCs (WiCell
Research Institute, Madison, WI) and iPSC lines FiPS 6-14 and
UTA.00112.hFF  (derived from  foreskin fibroblasts),
UTA.01006.WT and UTA.04602.W T (from adult skin fibroblasts)
were used as controls.

Generation of iPSC lines
Patient-specific iPSC lines were established using lentivirus infection
followed by retrovirus infection into the primary fibroblasts. The
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following cells, plasmids and reagents were used: 293FT cells, Plat-
E cells, pLenti6/UbC/mSlc7al vector (Addgene, Cambridge, MA),
ViraPower Packaging Mix (Invitrogen), Lipofectamine 2000
(Invitrogen), pMX retroviral vector (hOCT3/4, hSOX2, hKLF4 or
hc-MYC; Addgene) and Fugene 6 (Roche Diagnostics, Mannheim,
Germany). The protocol used has been described previously
(Takahashi et al., 2007). Two LQT2-specific lines were established
(UTA.00514.LQT2 and UTA.00525.LQT2) carrying the R176W
mutation, which was confirmed by PCR as described previously
(Fodstad et al., 2006). The FiPS 6-14 line was derived at the University
of Helsinki (provided by Timo Otonkoski) (Rajala et al., 2010). Control
iPSClines from healthy individuals (UTA.01006.WT from a 36-year-
old male and UTA.04602.WT from a 55-year-old female) and the
UTA.00112.hFF line from human foreskin fibroblasts were
established in the same way as the LQT2 lines.

RT-PCR

Total RNA was collected from the iPSC lines at passages 3, 6 and
11 and after cardiac differentiation. For positive pluripotency
control, the H7 line was used. RNA from EBs was used as a negative
control of pluripotency. RNA was purified with NucleoSpin RNA
II kit (Macherey-Nagel, Diiren, Germany) and cDNA conversion
was performed with a high-capacity cDNA RT kit (Applied
Biosystems, Carlsbad, CA). PCR was done with Dynazyme II
(Finnzymes Oy, Espoo, Finland) using 1 pl of cDNA as a template
and 2 UM primers. As positive controls for exogenous primers, PCR
was also done using the transfected plasmids (hOCT3/4, hSOX2,
hKLF4 and hc-MYC) as templates. PCR primers for iPSC
characterization and detailed reaction conditions have been
described previously (Takahashi et al., 2007). Primers for different
germ layers and cardiac markers are presented in Table 2. B-actin
and GAPDH were used as housekeeping controls.

Immunocytochemistry for pluripotency

iPSCs at passage 8 were fixed with 4% paraformaldehyde (Sigma-
Aldrich) and stained with anti-OCT3/4 (1:400; R&D Systems), anti-
tumor-related antigen (TRA)1-60 (1:200; Millipore), anti-SOX2,
anti-NANOG, anti-stage-specific embryonic antigen (SSEA)4 and
anti-TRA1-81 (all 1:200; from Santa Cruz Biotechnology, Santa
Cruz, CA). The secondary antibodies (Invitrogen) were Alexa-
Fluor-568-donkey-anti-goat-IgG,  Alexa-Fluor-568-goat-anti-
mouse-IgM or Alexa-Fluor-568-donkey-anti-mouse-IgG.

EB formation

EBs were cultured without feeder cells in EB medium (KO-DMEM
with 20% FBS, NEAA, L-glutamine and penicillin/streptomycin)
without bFGF for 5 weeks. RNA isolation and reverse transcription
from EBs was performed as described above. The expression of
markers characteristic of ectoderm, endoderm and mesoderm
development in EBs was determined using RT-PCR (primers
described in Table 2).

Mutation analysis

The hERG-FinB mutation was assayed with restriction enzyme
analysis (Fodstad et al., 2006) by amplifying the genomic DNA with
primers for hERG (forward: 5'-ACCACGTGCCTCTCCTCTC-3',
reverse: 5'-GTCGGGGTTGAGGCTGTG-3') (reagents from
Applied Biosystems) and digesting the amplified PCR product with
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Table 2. Primers for RT-PCR of different germ layer markers and cardiac markers.

Gene Primer F (5'-3’) PrimerR (5’-3’) Size (bp)
Endodermal markers

AFP AGAACCTGTCACAAGCTGTG GACAGCAAGCTGAGGATGTC 672
SOX17 CGCACGGAATTTGAACAGTA CACACGTCAGGATAGTTGCAG 166
Mesodermal markers

o-cardiactin GGAGTTATGGTGGGTATGGGTC AGTGGTGACAAAGGAGTAGCCA 486
KDR GTGACCAACATGGAGTCGTG TGCTTCACAGAAGACCATGC 218
Ectodermal markers

SOX1 AAAGTCAAAACGAGGCGAGA AAGTGCTTGGACCTGCCTTA 158
PAX6 AACAGACACAGCCCTCACAAACA CGGGAACTTGAACTGGAACTGAC 274
Nestin CAGCTGGCGCACCTCAAGATG AGGGAAGTTGGGCTCAGGACTGG 208
Musashi 1 AGCTTCCCTCTCCCTCATTC GAGACACCGGAGGATGGTAA 161
Cardiac markers

TNTT2 ATCCCCGATGGAGAGAGAGT TCTTCTTCTTTTCCCGCTCA 385
mLcav GGTGCTGAAGGCTGATTACGTT TATTGGAACATGGCCTCTGGAT 382
MLC2A GTCTTCCTCACGCTCTTTGG GCCCCTCATTCCTCTTTCTC 269
Cx-43 TACCATGCGACCAGTGGTGCGCT GAATTCTGGTTATCATCGGGGAA 293
MYH7 AGCTGGCCCAGCGGCTGCAGG CTCCATCTTCTCGGCCTCCAGCT 443
GATA4 GACGGGTCACTATCTGTGCAAC AGACATCGCACTGACTGAGAAC 474
HERG GAACGCGGTGCTGAAGGGCT AACTTGCGCTTGCGTTGCCG 527
Housekeeping control genes

B-actin GTCTTCCCCTCCATCGTG GGGGTGTTGAAGGTCTCAAA 302
GAPDH AGCCACATCGCTCAGACACC GTACTCAGCGGCCAGCATCG 302

Smal digestion enzyme (Fermentas GmbH, St Leon-Rot, Germany).
The hERG-FinB mutation resulted in deletion of a Smal-cleavage
site. Smal-cleaved PCR products were detected with gel
electrophoresis: products for wild type were 182, 79, 46 and 23 bp
and for R176W heterozygote 182, 125, 79, 46 and 23 bp long.

Karyotype analysis

Karyotypes of the cell lines were defined using standard G-banding
chromosome analysis by a commercial company (Medix
Laboratories, Espoo, Finland) according to standard procedure.

Teratoma formation

iPSCs were injected into nude mice under the testis capsule. Tumor
samples were collected 8 weeks after injection and fixed with 4%
paraformaldehyde. The sections were stained with hematoxylin and
eosin.

Cardiac differentiation and characterization

Cardiomyocyte differentiation was carried out by co-culturing
iPSCs and H7 hESCs with END-2 cells (a kind gift from Christine
Mummery, Hubrecht Institute, Utrecht, The Netherlands). END-
2 cells were cultured as described earlier (Mummery et al., 2003).
The beating areas of the cell colonies were mechanically excised
and treated with collagenase A (Roche Diagnostics) as described
previously (Mummery et al., 2003). Seven days after dissociation,
cells were fixed with 4% paraformaldehyde for immunostaining with
anti-cardiac-troponin-T (1:2000; Abcam, Cambridge, MA), anti-
o-actinin (1:1500; Sigma-Aldrich, St Louis, MO) and anti-connexin-
43 (1:1000; Sigma-Aldrich).
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Patch-clamp technique

APs were recorded from spontaneously beating dissociated cells
using the perforated patch (by amphotericin) configuration of the
patch-clamp technique with an Axopatch 200B amplifier
(Molecular Devices, Sunnyvale, CA). A coverslip with the adhered
cells was placed in the recording chamber and perfused with
extracellular solution consisting of (in mmol/l) 143 NaCl, 4 KCl,
1.8 CaCly, 1.2 MgCly, 5 glucose, 10 HEPES (pH 7.4 with NaOH;
osmolarity adjusted to 3013 mOsm). Patch pipettes were pulled
from borosilicate glass capillaries (Harvard Apparatus, Kent, UK)
and had resistances of 1.5-3.5 MQ when filled with a solution
consisting of (in mmol/l): 122 K-gluconate, 30 KCl, 1 MgCl,, 5
HEPES (pH 7.2 with KOH; osmolarity adjusted to 290+3 mOsm).
The final concentration of amphotericin B (solubilized in
dimethylsulfoxide) in the pipette was 0.24 mg/ml.

The data was filtered at 2 kHz, and digitized (Digidata 1322A;
Molecular Devices) at 10 kHz; data acquisition and analysis was
performed with pClamp 9.2 software (Molecular Devices). For some
cardiomyocytes, voltage-clamp experiments were also performed
to record I, Experiments were conducted at 36+1°C.

Field potential recordings

Field potentials of spontaneously beating cardiomyocyte aggregates
were recorded with the MEA platform (Multi Channel Systems,
Reutlingen, Germany) at 37°C. MEAs were hydrophilized with FBS
for 30 minutes, washed with sterile water and coated with 0.1%
gelatin for 1 hour. Cardiomyocyte aggregates were plated onto
MEAs in EB medium. FPD and beating frequency were determined
manually with AxoScope software (Molecular Devices).
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TRANSLATIONAL IMPACT

Clinical issue

Long QT syndrome (LQTS) is a life-threatening cardiac disorder that
predisposes individuals to ventricular arrhythmias and sudden death. The
syndrome is characterized by a prolonged QT interval (detected by
electrocardiography) and can be caused either by genetic defects or as a side
effect of certain drugs. LQTS type 2 (LQT2) occurs owing to defective
functioning of the hERG potassium channel, and is caused by mutations in the
KCNH2 gene (also known as HERG). The drug-induced form of LQTS also occurs
owing to altered function of the hERG channel. Because prolongation of QT
interval is one of the most common severe side effects of both cardiac and
non-cardiac drugs, new drug candidates must be carefully tested for their
effects on the hERG channel. However, physiological human cell models to test
for this effect were not previously available. The clinical prevalence of LQTS is
only ~1:5000, but its genetic prevalence has been estimated to be much
higher (1:250 to 1:2000). Therefore, it is possible that asymptomatic carriers of
LQTS-associated mutations are more susceptible to the side effect of certain
medications, and are at risk of developing severe symptoms in certain settings.

Results

This study investigates whether an LQTS-related phenotype can be detected in
an in vitro model based on cells from an asymptomatic carrier of an LQT2-
associated KCNH2 mutation. The authors generate patient-specific induced
pluripotent stem cells (iPSCs) from an asymptomatic individual and
differentiate them into functional cardiac cells. These cells recapitulate the
phenotypic characteristics of LQT2 in vitro, including prolonged repolarization
time and increased arrhythmogenicity. Additionally, at slow beating rates,
cardiomyocyte aggregates derived from these iPSCs present prolonged field
potential duration (QT) compared with control cells. These results are in line
with clinical findings that individuals with LQT2 usually display symptoms
when heart rate is slow. These results indicate that electrophysiological
abnormalities can be detected in iPSC-derived cardiac cells, even when
derived from asymptomatic carriers of KCNH2 mutations.

Implications and future directions

This in vitro model of LQT2 offers a new system with which to evaluate
electrophysiological properties and drug responses of cardiomyocytes from
KCNH2 mutation carriers with and without LQTS symptoms. In addition, the
model provides a platform from which to study the basic pathology of LQTS
and to identify genetic and non-genetic modifiers that can be considered in
designing and developing medications to treat distinct patient groups. In
addition, the model provides the means to analyze the cardiac side effects of
different drugs in carriers of LQTS-associated mutations.

Isoprenaline (Isuprel; Hospira, Lake Forest, IL), D,L-sotalol (Sigma),
erythromycin (Abbott, IL), cisapride (Sigma) and E-4031 (Alomone
Labs, Jerusalem, Israel) were diluted in 5% FBS containing EB
medium for drug tests. Baseline conditions as well as drug effects
were recorded for 2 minutes after a 2-minute stabilization period.
Baseline FPDs were measured from 43 control cardiomyocyte
aggregates and 30 LQT?2 cardiomyocyte aggregates.

Statistical methods

Data are given as mean * s.e.m. or s.d. Comparison of patch-clamp
data between LQT2-iPSC and control-iPSC cardiomyocytes was
performed using Student’s ¢-test for independent data. One-way
analysis of variance followed by Tukey test was used for comparison
of multiple groups. The I, data was assessed using Student’s ¢-test
for independent data. The difference in FPDs between different
populations of spontaneously beating cardiomyocyte aggregates
was determined by nonlinear regression analysis using R software.
The difference in FPDs between populations when categorized
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according to beating frequencies was determined by ¢-test with
SPSS software (IBM).

ACKNOWLEDGEMENTS

We thank Merja Lehtinen and Henna Venéldinen for technical support, Christine
Mummery for providing END-2 cells, Timo Otonkoski for sharing his knowledge,
Annukka Lahtinen for help in the LQTS genotyping of the iPSC lines, Heini Huhtala
for help on statistical analysis, and Kenta Nakamura, Chris Schlieve and the
Gladstone Stem Cell Core for advice and reagents. We also thank Takayuki Tanaka
for help in setting up our iPSC system.

COMPETING INTERESTS
The authors declare that they do not have any competing or financial interests.

AUTHOR CONTRIBUTIONS

A.L.L. was involved in iPS cell generation and analysis, cardiomyocyte
differentiation and characterization, figure preparation, and writing the
manuscript. V.J.K. performed MEA experiments and analysis, wrote parts of the
manuscript, was involved in editing the manuscript, and was involved in figure
preparation. H.C. designed and performed all patch-clamp experiments and
analysis. A.-PK. provided expertise in electrophysiology. M.P-M. was involved in
cardiac differentiation and cardiomyocyte analysis. E.K. planned and performed
cardiac cell differentiation experiments. J.H. designed the MEA experiments. K.K.
provided genetic expertise and provided genotyped patients. H.S. provided
genetic and cardiological expertise on LQTS. B.R.C. helped design the study. S.Y.
provided expertise in iPSC technology. O.S. helped design the study and analyze
the results. K.A.-S. was leader of the group, and was involved in the planning and
evaluation of the results, and finalizing the manuscript.

FUNDING

This work was supported by the Academy of Finland [grant number 126888]; the
Finnish Foundation for Cardiovascular Research; Pirkanmaa Hospital District (EVO);
the Finnish Cultural Foundation; Biocenter Finland; and the Sigrid Juselius
Foundation.

SUPPLEMENTARY MATERIAL
Supplementary material for this article is available at
http://dmm.biologists.org/lookup/suppl/doi:10.1242/dmm.008409/-/DC1

REFERENCES

Ackerman, M. J,, Tester, D. J., Jones, G. S., Will, M. L., Burrow, C. R. and Curran, M.
E. (2003). Ethnic differences in cardiac potassium channel variants: implications for
genetic susceptibility to sudden cardiac death and genetic testing for congenital
long QT syndrome. Mayo Clin. Proc. 78, 1479-1487.

Carvajal-Vergara, X., Sevilla, A., D’Souza, S. L., Ang, Y.-S., Schaniel, C., Lee, D.-F.,
Yang, L., Kaplan, A. D., Adler, E. D., Rozov, R. et al. (2010). Patient-specific induced
pluripotent stem-cell-derived models of LEOPARD syndrome. Nature 465, 808-812.

Caspi, 0., Itzhaki, I., Arbel, G., Kehat, I., Gepstien, A., Huber, I, Satin, J. and
Gepstein, L. (2008). In vitro electrophysiological drug testing using human
embryonic stem cell derived cardiomyocytes. Stem Cells Dev. 18, 161-172.

Chiang, C.-E. and Roden, D. M. (2000). The long QT syndromes: genetic basis and
clinical implications. J. Am. Coll. Cardiol. 36, 1-12.

Couderc, J.-P, Kaab, S., Hinterseer, M., McNitt, S., Xia, X., Fossa, A., Beckmann, B.
M., Polonsky, S. and Zareba, W. (2009). Baseline values and sotalol-induced
changes of ventricular repolarization duration, heterogeneity, and instability in
patients with a history of drug-induced torsades de pointes. J. Clin. Pharmacol. 49, 6-
16.

Curran, M. E., Splawski, I, Timothy, K. W,, Vincen, G. M., Green, E. D. and Keating,
M. T. (1995). A molecular basis for cardiac arrhythmia: HERG mutations cause long
QT syndrome. Cell 80, 795-803.

Fodstad, H., Swan, H., Laitinen, P,, Piippo, K., Paavonen, K., Viitasalo, M., Toivonen,
L. and Kontula, K. (2004). Four potassium channel mutations account for 73% of the
genetic spectrum underlying long-QT syndrome (LQTS) and provide evidence for a
strong founder effect in Finland. Ann. Med. 36 Suppl. 1, 53-63.

Fodstad, H., Bendahhou, S., Rougier, J. S., Laitinen-Forsblom, P. J., Barhanin, J.,
Abriel, H., Schild, L., Kontula, K. and Swan, H. (2006). Molecular characterization of
two founder mutations causing long QT syndrome and identification of compound
heterozygous patients. Ann. Med. 38, 294-304.

Gai, H,, Leung, E. L.-H., Costantino, P. D,, Aguila, J. R., Nguyen, D. M., Fink, L. M.,
Ward, D. C. and Ma, Y. (2009). Generation and characterization of functional
cardiomyocytes using induced pluripotent stem cells derived from human
fibroblasts. Cell Biol. Int. 33, 1184-1193.

Hancox, J. C., McPate, M. J., El Harchi, A. and Zhang, Y. H. (2008). The hERG
potassium channel and hERG screening for drug-induced torsades de pointes.
Pharmacol. Ther. 119, 118-132.

229



DMM

Disease Models & Mechanisms

RESEARCH ARTICLE

Hedley, P. L., Jorgensen, P., Schlamowitz, S., Wangari, R., Moolman-Smook, J.,
Brink, P. A., Kanters, J. K., Corfield, V. A. and Christiansen, M. (2009). The genetic
basis of long QT and short QT syndromes: a mutation update. Hum. Mutat. 30, 1486-
1511,

Itzhaki, I., Maizels, L., Huber, I., Zwi-Dantsis, L., Caspi, O., Winterstern, A.,
Feldman, O., Gepstein, A., Arbel, G.,, Hammerman, H. et al. (2011). Modelling the
long QT syndrome with induced pluripotent stem cells. Nature 471, 225-229.

Kannankeril, P. J., Roden, D. M., Norris, K. J.,, Whalen, S. P,, George, J. A. L. and
Murray, K. T. (2005). Genetic susceptibility to acquired long QT syndrome:
Pharmacologic challenge in first-degree relatives. Heart Rhythm 2, 134-140.

Lee, G. and Studer, L. (2010). Induced pluripotent stem cell technology for the study
of human disease. Nat. Meth. 7, 25-27.

Lehtonen, A, Fodstad, H., Laitinen-Forsblom, P., Toivonen, L., Kontula, K. and
Swan, H. (2007). Further evidence of inherited long QT syndrome gene mutations in
antiarrhythmic drug-associated torsades de pointes. Heart Rhythm 4, 603-607.

Ménnikko, R., Overend, G., Perrey, C., Gavaghan, C. L., Valentin, J. P., Morten, J.,
Armstrong, M. and Pollard, C. E. (2010). Pharmacological and electrophysiological
characterization of nine, single nucleotide polymorphisms of the hERG-encoded
potassium channel. Br. J. Pharmacol. 159, 102-114.

Marjamaa, A., Salomaa, V., Newton-Cheh, C,, Porthan, K., Reunanen, A., Karanko,
H., Jula, A., Lahermo, P. i., Vddnanen, H., Toivonen, L. et al. (2009). High
prevalence of four long QT syndrome founder mutations in the Finnish population.
Ann. Med. 41, 234-240.

Matsa, E., Rajamohan, D., Dick, E., Young, L., Mellor, 1., Staniforth, A. and Denning,
C. (2011). Drug evaluation in cardiomyocytes derived from human induced
pluripotent stem cells carrying a long QT syndrome type 2 mutation. Eur. Heart J. 32,
952-962.

Moretti, A., Bellin, M., Welling, A., Jung, C. B., Lam, J. T., Bott-Fliigel, L., Dorn, T.,
Goedel, A., Hohnke, C., Hofmann, F. et al. (2010). Patient-specific induced
pluripotent stem-cell models for long-QT syndrome. N. Engl. J. Med. 363, 1397-1409.

Mummery, C., Ward-van Oostwaard, D., Doevendans, P., Spijker, R., van den Brink,
S., Hassink, R., van der Heyden, M., Opthof, T., Pera, M., de la Riviere, A. B. et al.
(2003). Differentiation of human embryonic stem cells to cardiomyocytes: role of
coculture with visceral endoderm-like cells. Circulation 107, 2733-2740.

Nakajima, T., Furukawa, T., Tanaka, T., Katayama, Y., Nagai, R., Nakamura, Y. and
Hiraoka, M. (1998). Novel mechanism of HERG current suppression in LQT2: shift in
voltage dependence of HERG inactivation. Circ. Res. 83, 415-422.

Pollard, C. E., Valentin, J. P. and Hammond, T. G. (2008). Strategies to reduce the risk
of drug-induced QT interval prolongation: a pharmaceutical company perspective.
Br. J. Pharmacol. 154, 1538-1543.

Priori, S., Napolitano, C. and Schwartz, P. (1999). Low penetrance in the long-QT
syndrome. Circulation 99, 529-533.

Rajala, K., Lindroos, B., Hussein, S. M., Lappalainen, R. S., Pekk Mattila, M.,
Inzunza, J., Rozell, B., Miettinen, S., Narkilahti, S., Kerkeld, E. et al. (2010). A

230

Human disease model for LQT2

defined and xeno-free culture method enabling the establishment of clinical-grade
human embryonic, induced pluripotent and adipose stem cells. PLoS ONE 5, e10246.

Redfern, W. S., Carlsson, L., Davis, A. S., Lynch, W. G., MacKenzie, I., Palethorpe, S.,
Siegl, P. K. S., Strang, I, Sullivan, A. T., Wallis, R. et al. (2003). Relationships
between preclinical cardiac electrophysiology, clinical QT interval prolongation and
torsade de pointes for a broad range of drugs: evidence for a provisional safety
margin in drug development. Cardiovasc. Res. 58, 32-45.

Roden, D. M. (2004). Drug-Induced Prolongation of the QT Interval. N. Engl. J. Med.
350, 1013-1022.

Roden, D. M. (2006). Long QT syndrome: reduced repolarization reserve and the
genetic link. J. Int. Med. 259, 59-69.

Roden, D. M. (2008). Long-QT Syndrome. N. Engl. J. Med. 358, 169-176.

Schwartz, P. J. (2001). Genotype-phenotype correlation in the long-QT syndrome:
gene-specific triggers for life-threatening arrhythmias. Circulation 103, 89-95.

Swan, H., Viitasalo, M., Piippo, K., Laitinen, P., Kontula, K. and Toivonen, L. (1999).
Sinus node function and ventricular repolarization during exercise stress test in long
QT syndrome patients with KvLQT1 and HERG potassium channel defects. J. Am. Coll.
Cardiol. 34, 823-829.

Takahashi, K., Tanabe, K., Ohnuki, M., Narita, M., Ichisaka, T., Tomoda, K. and
Yamanaka, S. (2007). Induction of pluripotent stem cells from adult human
fibroblasts by defined factors. Cell 131, 861-872.

Tester, D. J. and Ackerman, M. J. (2007). Postmortem long QT syndrome genetic
testing for sudden unexplained death in the young. J. Am. Coll. Cardiol. 49, 240-246.

Tu, E., Bagnall, R. D., Duflou, J. and Semsarian, C. (2011). Post-mortem review and
genetic analysis of sudden unexpected death in epilepsy (SUDEP) cases. Brain Pathol.
21, 201-208.

Yazawa, M., Hsueh, B., Jia, X., Pasca, A. M., Bernstein, J. A., Hallmayer, J. and
Dolmetsch, R. E. (2011). Using induced pluripotent stem cells to investigate cardiac
phenotypes in Timothy syndrome. Nature 471, 230-234.

Yokoo, N., Baba, S., Kaichi, S., Niwa, A., Mima, T., Doi, H., Yamanaka, S., Nakahata,
T. and Heike, T. (2009). The effects of cardioactive drugs on cardiomyocytes derived
from human induced pluripotent stem cells. Biochem. Biophys. Res. Commun. 387,
482-488.

Yu, J,, Vodyanik, M. A., Smuga-Otto, K., Antosiewicz-Bourget, J., Frane, J. L., Tian,
S., Nie, J., Jonsdottir, G. A., Ruotti, V., Stewart, R. et al. (2007). Induced
pluripotent stem cell lines derived from human somatic cells. Science 318, 1917-
1920.

Zhang, S. (2006). Isolation and characterization of IKr in cardiac myocytes by Cs+
permeation. Am. J. Physiol. Heart Circ. Physiol. 290, H1038-H1049.

Zwi, L., Caspi, O., Arbel, G., Huber, I., Gepstein, A., Park, I.-H. and Gepstein, L.
(2009). Cardiomyocyte differentiation of human induced pluripotent stem cells.
Circulation 120, 1513-1523.

dmm.biologists.org



Ahola et al. BioMedical Engineering OnLine 2014, 13:39
http://www.biomedical-engineering-online.com/content/13/1/39 h m
E BioMedical Engineering
OnlLine

RESEARCH Open Access

Video image-based analysis of single human
induced pluripotent stem cell derived
cardiomyocyte beating dynamics using digital
image correlation

Antti Ahola'™", Anna L Kiviaho®", Kim Larsson?, Markus Honkanen?, Katriina Aalto-Setala®*

and Jari Hyttinen'

* Correspondence: anttil.ahola@tutfi
"Equal contributors

'Computional Biophysics and . . . . . .
Imaging Group, Department of Backg'round. The funct|oha||t¥ of a cardpmyocyte is primarily mea;ured by .
Electronics and Communications analyzing the electrophysiological properties of the cell. The analysis of the beating

Engineering, and BioMediTech, behavior of single cardiomyocytes, especially ones derived from stem cells, is
Tampere University of Technology,

Abstract

Tampere, Finland challenging but well warranted. In this study, a video-based method that is
Full list of author information is non-invasive and label-free is introduced and applied for the study of single human
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Methods: The beating of dissociated stem cell-derived cardiomyocytes was
visualized with a microscope and the motion was video-recorded. Minimum
quadratic difference, a digital image correlation method, was used for beating
analysis with geometrical sectorial cell division and radial/tangential directions. The
time series of the temporal displacement vector fields of a single cardiomyocyte was
computed from video data. The vector field data was processed to obtain
cell-specific, contraction-relaxation dynamics signals. Simulated cardiomyocyte
beating was used as a reference and the current clamp of real cardiomyocytes was
used to analyze the electrical functionality of the beating cardiomyocytes.

Results: Our results demonstrate that our sectorized image correlation method is
capable of extracting single cell beating characteristics from the video data of
induced pluripotent stem cell-derived cardiomyocytes that have no clear movement
axis, and that the method can accurately identify beating phases and time parameters.

Conclusion: Our video analysis of the beating motion of single human cardiomyocytes
provides a robust, non-invasive and label-free method to analyze the mechanobiological
functionality of cardiomyocytes derived from induced pluripotent stem cells. Thus, our
method has potential for the high-throughput analysis of cardiomyocyte functions.
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quadratic difference method
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Introduction

The withdrawal of drugs already on the market is most commonly due to cardiac side
effects. Cardiac safety analyses are currently done using animals as model organisms
and/or ectopic expression of single ion channels in non-cardiac human cells [1]. These
applications do not provide an optimal platform to explore the conditions in human
cardiac cells. Unfortunately, human cardiomyocytes (CMs) have been very challenging
to study, since the myocardial biopsy is a high-risk procedure and primary CMs dedif-
ferentiate quickly and stop beating in cell culture conditions. Also, the available
methods to measure the functionality of a cardiomyocyte (CM) are challenging and do
not provide high throughput.

Moreover, recent developments in stem cell technology, namely the invention of in-
duced pluripotent stem (iPS) cells, have increased the need for new methods to
characterize cells derived from iPS cells. iPS cells can be obtained from any individual
by reprogramming already differentiated mature cells such as skin fibroblasts into a
pluripotent state [2]. Therefore, by using iPS cells it is possible to obtain genetically de-
fined human pluripotent cells that can be differentiated into the cell type of interest,
for example CMs [3]. Recently, it has been shown that human iPS cell-derived CMs
have proper electrophysiological properties and assays using these cells can provide a
reliable alternative to preclinical in vitro testing [4].

The functional measurement of single CMs has traditionally been laborious and time
consuming. There are a few tools available for the study of the electrical properties of
individual cells. Patch clamp is a commonly used method for analyzing the function-
ality of single CMs, but this technique requires special, relatively expensive instru-
mentation, and laborious manual work that requires highly skilled personnel [5].
Microelectrode arrays (MEA) provide a platform for the analysis of larger aggregates
of cells with less manual work. Due to the dimensions of the electrodes and the dis-
tances between the electrodes, however, they are not suited for single cell function-
ality studies [6]. Voltage sensitive dyes such as di-8-ANEPPS provide one solution
for the analysis of single CMs. This method, however, is based on fluorescence im-
aging and the dyes interact with some ion channels, e.g. the product of the human
Ether-a-go-go-Related Gene (hERG), and thus potentially alter the electrophysio-
logical properties of the cells [7].

The electrical functionality of single CMs does not directly reveal the mechanical
properties of the cells. Atomic force microscopy (AFM) can be used to quantify the
mechanical properties of CMs, e.g. force. However, AFM is not well suited for long-
term measurements because it interferes with the cell [8]. Cellular electric impedance
measured with well plate integrated electrodes is also used to measure the beating
characteristics of cardiomyocytes [9]. The spatial resolution of the method is, however,
not high enough to study the movements within the cell in detail. High-speed video
microscopy can be used to obtain information from the beating cycle. Such methods
quantify the movement of single CMs with no intervention. By analyzing the move-
ments of the cells, it is possible to receive data from the mechanobiological functional-
ity of the cell and to combine the data with electrical measurements to understand
electro-mechanical coupling. Traditional video-based CM analysis methods [10,11]
may not, however, be optimal for the study of single iPS cell-derived CMs. The sarco-
mere structure of iPS cell-derived CMs is not fully organized [12] and, therefore, their
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beating is less uniform with no main contraction direction. Thus, better methods are
required that are robust in the detection of movement signals from these types of cells.

Here, we propose a robust, non-invasive method for the analysis of the beating dynamic
of single CMs with no clear axis of contraction by using recorded microscope videos. The
method is based on digital image correlation (DIC), more specifically its subtype the mini-
mum quadratic difference (MQD) method that has been developed mainly for particle image
velocimetry (PIV). Further, we use sectorial derivation of movement directions. The aim is to
provide detailed physical information on the dynamics and timing of the contraction and re-
laxation of stem cell-derived CMs. The previous methods used to analyze video data [10,11]
are not well suited for the analysis of heterogeneous beating. Our method is specifically
aimed towards the use of CMs derived from iPS cells. We present validation tests of the
method using artificial displacement images and current clamp recordings from human iPS
cell-derived CMs. Since the CMs derived from the cell line used here have not previously
been fully characterized, we also briefly provide the biological characterization data.

Materials and methods

Ethics statement

The study was approved by the Ethical Committee of the Pirkanmaa Hospital District
(R08070). A written informed consent from participants has been obtained.

Cell culture

Primary fibroblasts were obtained from skin biopsy and cultured under fibroblast culturing
conditions: Dulbecco’s modified eagle medium (DMEM, Lonza, Switzerland) contain-
ing 10% FBS, 2 mmol/l L-glutamine and 50 U/ml penicillin/streptomycin. 293FT-cells
(Invitrogen, CA, USA) were maintained similarly with 1% non-essential amino acids
(NEAA, Cambrex, NJ, USA). Plat-E-cells (Cell Biolabs, CA, USA) and irradiated or
mitomysin C (Sigma-Aldrich, MO, USA) treated mouse embryonic fibroblast (MEF,
Millipore, MA, USA) cells were cultured in the same conditions but without antibi-
otics. iPS cells were cultured with MEF cells as feeders in KSR-medium: knockout
(KO)-DMEM (Invitrogen) containing 20% KO-serum replacement (KO-SR, Invitrogen),
NEAA, L-glutamine, penicillin/streptomycin, 0.1 mmol/L 2-mercaptoethanol, and 4 ng/ml
basic fibroblast growth factor (bFGE, R & D Systems Inc., MN, USA).

iPS cells

iPS cell lines were established from the dermal fibroblasts of a 55 year old female using
lentivirus infection followed by retrovirus infection into the fibroblasts. The following cells,
plasmids and reagents were used: 293FT-cells, Plat-E-cells, pLenti6/UbC/mSlc7al-vector
(Addgene, MA, USA), ViraPower™ Packaging Mix (Invitrogen), Lipofectamine™ 2000
(Invitrogen), pMX retroviral vector (hOCT3/4, hSOX2, hKLF4 or hc-MYC, Addgene),
and Fugene 6 (Roche Diagnostics, Germany). The full and detailed protocol has been
described earlier [2,13]. Two iPS cell lines from the same individual were used for the
studies: UTA.04602.WT and UTA.04607.WT.

Characterization of iPS cells
Reverse transcription polymerase chain reaction (RT-PCR). Total RNA was col-
lected from the iPS cells at passage 6 and purified with a NucleoSpin RNA II -kit
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(Macherey-Nagel, Germany). cDNA conversion was carried out with a high-capacity
c¢DNA RT -kit (Applied Biosystems, CA, USA) using 200 ng of RNA. RT-PCRs were
carried out with Dynazyme II (Finnzymes Oy, Finland) using 1 pl of cDNA as a tem-
plate and 5 uM primers. As positive controls for exogenous primers, PCR was also
carried out using the transfected plasmids (hOCT3/4, hSOX2, hKLF4, and hc-MYC)
as templates. Primers and reaction conditions for iPS cell characterization [2] and
PCR-primers for different germ layer markers [13] have been described earlier. B-actin and
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were used as housekeeping
control genes. Immunocytochemistry for pluripotency. iPS cells at passage 8 were
fixed with 4% paraformaldehyde (PFA, Sigma-Aldrich) and stained with anti-Oct3/4
(1:400, R & D Systems), anti-TRA1-60 (1:200, Millipore), anti-Sox2, anti-Nanog,
anti-SSEA4, and anti-TRA1-81 (all 1:200, Santa Cruz Biotechnology, CA, USA). The
secondary antibodies (1:800, Invitrogen) were Alexa-Fluor-568-donkey-anti-goat-IgG,
Alexa-Fluor-568-goat-anti-mouse-IgM, or Alexa-Fluor-568-donkey-anti-mouse-IgG.
Vectashield mounting medium with DAPI (4',6-diamidino-2-phenylindole, Vector
Laboratories Inc., CA, USA) was used to stain nuclei. Karyotype analysis. A commercial
company (Medix laboratories, Finland) defined the karyotypes of the iPS cell lines by using
G-banding chromosome analysis according to standard protocol. Formation of embryoid
bodies (EBs). EBs were cultured without feeder cells in EB-medium (KO-DMEM with 20%
fetal bovine serum (FBS), NEAA, L-glutamine and penicillin/streptomycin) without bFGF
for 5 weeks. RNA isolation and reverse transcription from the EBs was performed as
described above. The expression of markers characteristic of ectoderm, endoderm, and
mesoderm development in EBs was determined using RT-PCR (see above).

Cardiac differentiation and characterization

CM differentiation was performed by co-culturing iPS cells together with END-2-cells.
END-2-cells were cultured as described earlier [14]. To initiate CM differentiation, un-
differentiated iPS cell colonies were dissected mechanically into aggregates containing a
few hundred cells and placed on the top of Mitomycin C -treated END-2 cells in KSR-
culture medium without fetal bovine serum, serum replacement, or basic fibroblastic
growth factor. Ascorbic acid (Sigma-Aldrich) was also added into the medium with a
final concentration of 2.92 mg/ml [15]. The differentiating cell colonies were monitored
by microscopy daily and the medium was changed after 5, 8, and 12 days of culturing.
After 14 days, the 10% SR was added to the medium and ascorbic acid was no longer
used. RT-PCR for cardiac markers. RNA was collected from beating cardiac cells and
transcribed into cDNA as described for the pluripotent cells above. The reverse tran-
scription polymerase chain reaction (RT-PCRs) were also carried out in a way similar
to that of the pluripotency markers and primers of cardiac markers that have been
described earlier [13]. Immunocytochemical staining. The spontaneously beating
areas of the colonies were mechanically excised and treated with collagenase A
(Roche Diagnostics) as described by Mummery et al. [14]. Seven days after dissociation, the
cells were fixed with 4% paraformaldehyde for immunostaining with anti-cardiac-troponin-
T (1:1500, Abcam, MA, USA), anti-a-actinin (1:1500, Sigma-Aldrich), anti-myosin-
heavy-chain (MHC, 1:100, Millipore), anti-atrial-myosin-light-chain (MLC2a, 1:300,
Abcam), and anti-ventricular-myosin-light-chain (MLC2v, 1:150, Abcam). The sec-
ondary antibodies (1:800, Invitrogen) were Alexa-Fluor-568-donkey-anti-goat-IgG,
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Alexa-Fluor-568-coat-anti-mouse-IgG, Alexa-Fluor-488-donkey-anti-rabbit, and Alexa-
Fluor-488-donkey-anti-mouse. Vectashield mounting medium with DAPI was used to
stain the nuclei. Dissociated CMs were prepared for video recording in the same way

as for immunocytochemical staining.

Video microscopy

Videos of the dissociated spontaneously beating single CMs were recorded using video
microscopy. Both iPS cell lines were used in the recordings and they gave identical results.
Thirteen CMs were video-recorded for 30 s at 30 frames per second under sterile condi-
tions. The CMs were visualized using a Nikon Eclipse TS100 (Nikon Corporation, Japan)
microscope and monochrome 8 bit videos were acquired with an Optika DIGI-12
(Optika Microscopes, Italy) camera mounted on the microscope. Additionally, two
CMs were videoed and their concurrent action potentials were acquired with current
clamp measurement for combined functionality verification. In this series, a high resolution
14 bit Andor XION 885 (Andor Technology, UK) camera mounted on an Olympus IX51
(Olympus Corporation, Japan) microscope was used. Transmission images were acquired
for 60 s at 50 frames per second using TILLvisSION (TILL photonics GmbH, Germany).

Digital image correlation analysis

The term DIC refers to methods that acquire images and perform analysis for full-field
shape, deformation and/or motion measurements [16]. The images are divided into
small sub-regions where the grayscale values are cross-correlated between the consecu-
tive image frames to provide a displacement map that indicates the movements of the
scene [16]. Standard cross-correlation analysis emphasizes bright pixels due to the
multiplication of intensity values [16]. In CM images, however, all image pixels regard-
less of their grayscale value can contribute to the motion analysis. Therefore, the
weighting of bright pixels in the standard cross-correlation analysis is a clear disadvan-
tage. In this study, we removed this disadvantage by using the MQD method [17] that
puts equal weight to all image pixels. Additionally, MQD has been shown to be more
accurate than other PIV evaluation methods based on correlation [18]. The MQD
method was originally developed to evaluate PIV recordings. It uses a least-square
principle to obtain the velocity vector field across the image based on two consecutive
video frames [16]. Image sub-regions (i, j) are compared between the consecutive image
frames (I; and I,) using the function (1):

N/2  N/J2

Si,j(dxde) = Z Z [[1(l+xa}+y)_12(l+x+dx7]+y+dy)]27 (1)
x=-N/2y=-N/2

where x and y are the indices to the pixels inside the sub-region of size [N, NJ]. The
sub-region in the second frame I, is shifted in x- and y-directions by dx, dy to obtain a
value at point (dx, dy) in the quadratic difference map S;; of sub-region (i, j). The com-
putational ranges of dx and dy can be freely selected to match the application. The lo-
cation of the minimum value in S;; reveals the medial displacement of the scene inside
the sub-region (i, j). Due to small displacements between CM frames, the necessary
sub-pixel accuracy in displacement estimation is obtained by sub-pixel fitting on the
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minimum value (dx, dy) in S;; with a 1-dimensional 3-point Gaussian interpolation fit-
ting function (2) to determine the correlation peak [19].

In(S(dx-1,dy))-In(S(dx + 1, dy))

Y = o In(S(dx + 1, dy))—21n(S(dx, dy)) + In(S(dw-1,dy))]

. In(S(dx, dy-1))- In(S(dx, dy + 1))
Y = 2[In(S(dx, dy + 1))-21In(S(dx, dy)) + In(S(dx, dy-1))]

Cardiomyocyte analysis with MQD

Single CMs recorded on video were manually segmented for MQD analysis. The
non-moving parts of the cell were cropped outside of the region of interest to de-
crease processing time and noise. To obtain a cell-specific coordinate system for the
beating analysis, the beating focus point of the cell is selected by visual approximation from
the video and the region of interest is divided into 8 sectors, each comprising a 45-degree
sector from the beating focus (Figure 1A). This enables the analysis of the inconsistent beat-
ing patterns of iPS-derived CMs. For each velocity vector in a sector, two dot products are
calculated. First with regard to the center line of the sector, to calculate the approximate ra-
dial component, and second with regard to the normal of the center line, to calculate the
approximate tangential component (Figure 1B). The centerline normals pointing towards
sectors 1-4 were selected for sectors 1-4, and the normals pointing towards 5-8 for sectors
5-8. For each sector, the sum of these vector components was calculated. In total, 16
different signals, 8 radial and 8 tangential signals, were obtained from a video.

The analysis was conducted using open source Matlab algorithm mpiv [20]. A
16x16 px subwindow size with a 0.5 overlap ratio was used. The resulting vectors
were smoothed using a median filter. Possible stray vectors were determined and re-
moved if the vector was outside the range of 2.5 times the standard deviation from
the mean value. Kriging interpolation was used to assign values for vectors that did
not have applicable values. Finally, weighting was used to smooth the vector field

1 21
using a 3 x 3 kernel 2 4 2 as a low-pass filter.
1 21

——"\_Sector
e center
line
Tangential/'\;
component Radial
component

Figure 1 Beating analysis framework. A: The cell is divided into 8 sectors, each being of 45°, with the

center point being at the observed beating focus point of the cell. The sectors are numbered in a clockwise

manner. B: The radial and tangential components of the velocity vectors in each sector are calculated with
L regard to the sector centerline going through the beating focus point.
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Data verification

The proposed beating analysis was verified using artificial displacement images. We
modified still CM images so that they modeled the displacement of the pixels during
CM beating with known displacement. An image distortion filter [21] was modified
and used on a CM image to create artificial distortions that resembled the various
stages of a beating iPS cell-derived CM with no main contraction axis. The resulting
images were analyzed using the MQD method. Figure 2 illustrates the effect of the arti-
ficial distortion on an even grid image and on a CM image.

The artificial images for the video were constructed by stretching the cell with the
distortion y. Each point (x, y) in the original image within a set radius from the deter-
mined beating focus was mapped onto a virtual half-sphere of radius R, and a new dis-
tance X to the beating focus point was set-based on the desired distortion factor vy, as
done in the original image distortion filter.

With this method, an image of a cell was modified with varying values of y and com-
bined to a video to get artificial cell data resembling that of a beating cell. Artificial images
were created using 5 different y values: -1, -2, -4, -7, and -10. The video was created
from a total of 51 frames representing two beats that comprised 10 still frames, 5 frames
with decreasing y values, 5 frames with increasing y values, 11 still frames, 5 frames with
decreasing y values, 5 frames with increasing y values, and finally 10 still frames. Figure 2A
shows an unmodified, original image of the cell and Figure 2B an image distorted using
the explained method with y = —-10. The values of X define the displacement that can be
compared with the results of the MQD analysis due to symmetry.

Figure 2 Artificial data set created from a cardiomyocyte image. An even grid and a cardiomyocyte
image are shown to illustrate the effect of the artificial deformation that was used to create the data set.
A: An even grid and a cardiomyocyte image without the artificial deformation. B: An even grid and a

L cardiomyocyte image with the described deformation applied, y = 10.
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Noise resistance testing

The noise resistance of the proposed method was tested by adding multiplicative
speckle noise to each frame of the generated artificial video data that was obtained
from modifying a CM image, as explained above. The cell size was 6796 pixels. Speckle
noise was added to each image using the equation J = I + /12 % V % I * I, where I is
the original image, | is the resulting image, V is variance and I, is uniformly distributed
random noise between values —0.5 and 0.5, with mean of 0. 8. The following noise vari-
ances were used: 0, 0.03, 0.05, 0.07, 0.09, 0.011, 0.013, and 0.015.

Beating analysis of cardiomyocytes

The analysis was carried out for the 13 CMs recorded on video. The time required for each
phase of beating was measured: the contraction, the time it stayed contracted, the relaxation
time, and the time it stayed relaxed. The beating frequency was also measured.

Current clamp measurement

To further verify the findings, the proposed video analysis was conducted from video
data recorded from iPS cell-derived CMs with concurrent current clamp measurement.
Action potentials were recorded using the Axopatch 200B patch clamp amplifier con-
nected to an acquisition computer via AD/DA Digidata 1440 (Molecular devices, USA).
The measurement was carried out at room temperature in gap free mode using the
standard current clamp configuration in perforated patch mode. The HEPES (4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid)-based extracellular perfusate for
current clamp recordings comprised (in mmol/l): 143 NaCl, 5 KCl, 1.8 CaCl,, 1.2
MgCl,, 5 glucose, and 10 HEPES. The pH was adjusted to 7.4 with NaOH and the
osmolarity set to 300 + 2 mOsm (Gonotec, Osmomat 030, Labo Line Oy, Finland).
The intracellular solution comprised (in mmol/l): 122 KMeSO,, 30 KCl, 1 MgCl,, and 10
HEPES. KOH was used to set pH to 7.15 and the osmolarity was set to 295 + 2 mOsm.
Amphotericin B (Sigma-Aldrich) was used as a membrane perforation agent and was dis-
solved in dimethyl sulfoxide to a final concentration in the patch pipette of 0.24 mg/ml.
Current-clamp recordings were digitally sampled at 20 kHz and filtered at 5 kHz using the
lowpass Bessel filter on the recording amplifier.

Combining current clamp and video analysis

TTL synchronization pulses (1 pulse per frame) were delivered by the digital signal
processor-driven imaging control unit (programmed in TILLviSION) to synchronize
the transmission frames and current clamp data sampling. The pulses and current
clamp data were concurrently sampled using 2 channels in current clamp. The video
data obtained simultaneously with the current clamp measurement was processed
using the proposed method.

Results

Characterization of induced pluripotent stem cells

The generated iPS cells were first characterized by the morphology of the cell colonies and
the individual cells that exhibited similar characteristics to those of human embryonic stem
cells: compact and round in shape (Figure 3A), defined edges and distinct cell borders
(Figure 3B). The iPS cells also expressed endogenous pluripotent marker genes at the
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Figure 3 Characterization of iPS cells for their pluripotency. Number 1 represents the cell line UTA.04602.
WT and 2 the line UTA.04607.WT. A: iPS cells formed typical colonies for pluripotent stem cells that are rather
compact and round in shape. B: The iPS cell colonies typically had well defined edges and distinct cell borders,
and the iPS cells had a high nucleus to cytoplasm -ratio and a large nucleoli characteristic for stem cells.

C: Endogenous pluripotency gene expression was studied using RT-PCR. Nanog, Oct4, Sox2 and Rex1 were all
expressed at mRNA level in the iPS cells. B-actin and GAPDH were used as housekeeping control genes for both
endogenous and exogenous markers. D: The expression of pluripotency genes was also studied at the protein
level by immunocytochemical staining. The iPS cell expressed several markers for the pluripotent state:
Nanog, Oct4, Sox2, SSEA4, TRA-1-60, and TRA-1-81 (all in red). Pictures in the left panel are from the line
UTA.04602.WT and the ones on the right side are from UTA.04607.WT. Blue in all pictures indicates the
DAPI staining of nuclei. E: Using RT-PCR, it was shown that all the transgenes were silenced in the iPS cells.
Negative control is marked with “-" and positive control with “+". F: Embryoid body (EB) -assay was used to
define the pluripotency of the iPS cells in vitro. Markers for all three germ layers were detected from the EBs
formed from both cell lines. Alpha-fetoprotein (AFP) was used as a marker for endoderm, kinase insert domain
receptor (KDR, also known as vascular endothelial growth factor receptor 2 (VEGFR-2) was used as a marker for
mesoderm and nestin was used as an ectoderm marker. GAPDH was used as an endogenous control gene.

mRNA level that was shown by RT-PCR (Figure 3C). The expression of pluripotency
genes also at the protein level was demonstrated by the immunocytochemical staining
of different markers for pluripotent stem cells (Figure 3D). On the other hand, trans-
gene expression was turned off in the iPS cells (Figure 3E). To confirm the pluripotent
state of the iPS cells, an EB formation assay was carried out. The cells from the EBs
were shown to express marker genes from all three germ layers: endoderm, ectoderm,
and mesoderm (Figure 3F). The generated cell lines were also analyzed for their karyo-
types and were both found to be normal (Figure 4A and B).

Characterization of the cardiomyocytes differentiated from iPS cells
Generated iPS cells were differentiated into spontaneously beating CMs that expressed
different cardiac markers. Using RT-PCR, it was shown that troponin T (TNTT2),
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Figure 4 Karyotype analysis from iPS cells. A & B: The lines were verified for normal karyotypes
(G: UTA.04602.WT and H: UTA.04607 WT).

MLC2v, MLC2a, connexin-43 (Cx-43), myosin heavy chain (MYH7), hERG, and GATA4
were expressed in the cells (data not shown for hERG and GATA4) (Figure 5A). The
expression of cardiac marker genes at the protein level was also confirmed (Figure 5B).
With immunocytochemical staining, it was also shown that both atrial and ventricular
cells were present among the iPS cell-derived CMs (data not shown). The electrical
properties of the iPS cell-derived CMs were also characterized using a microelectrode
array that revealed that the cell aggregates exhibited appropriate beating rates and field
potentials (Figure 5C and D).

Beating signals of iPS cell-derived CMs
The method was applied on iPS-derived CMs to obtain beating signals. One such signal
that shows two beats is shown in Figure 6A. For radial components, contraction was
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Figure 5 Cardiomyocytes differentiated from the iPS cells. A: Several cardiac markers were discovered
using RT-PCR indicating their expression at mRNA level. Data from UTA.04602.WT is shown here. B: By
immunocytochemical staining it was shown that the iPS cell-derived cardiac cells express proteins
specific for cardiomyocytes. Cardiac troponin T, a-actinin, myosin heavy chain (MHC) and atrial myosin
light chain 2 (MLC2a) were detected from the cells. The pictures on the left side are from the line
UTA.04602.WT and the pictures on the right side are from UTA.04607.WT. In the pictures showing MHC
and MLC2a with green fluorescent, red indicates troponin T and in all pictures DAPI staining of nuclei is
seen in blue. C & D: A micro electrode array (MEA) was used to define the electrical properties of the
iPS cell-derived cardiomyocytes. The beating rates (BR) and field potential durations (FPD) of cell
aggregates were evaluated (B: UTA.04602.WT, BR = 58, FPD =283 ms and C: UTA.04607.WT,

BR=66, FPD =391 ms).

defined negative (Figure 6A II) and relaxation positive (Figure 6A III). Figure 6B illus-
trates a typical signal.

From the 13 measured cells, the time parameters of the different phases of the beat-
ing were calculated from the sum displacement signal using the proposed method. The
phases were the following: contraction, time the cell was contracted, relaxation, and the
time the cell was relaxed. The average values of three analysis signals for each cell were
calculated. The results for each cell measurement are presented in Table 1.

Figure 6C shows all 16 velocity signals obtained from one of the measured cells.
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Method verification using artificial displacement images

The DIC analysis results created using artificial displacement images are illustrated in
Figure 7. The figure shows (A) the division of the cell into analysis sectors, (B) the dis-
placement vector field during the contraction phase, (C) the known displacement vel-
ocity, and (D) the results of the DIC analysis (red) shown with the known displacement
velocity (blue). The average correlation coefficient between the known displacement
field and the analysis results for all 16 signals was 0.9525.

For noise resistance testing, 8 videos with speckle noise were created using different
noise variances. The proposed analysis was applied to these videos. For each video, 3
segments were chosen. The average correlation between the resulting signals and the
known displacement was calculated as a function of noise variance. The results for
three different sectors are shown in Table 2. Example images of different noise levels
are shown in Figure 8A-D.

Comparison with current clamp recording
Spontaneously beating iPS cell-derived CMs had the characteristics of ventricular- type
cells. The cells were beating individually and not part of a larger beating cell cluster.
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Table 1 Multiple cell analysis

Cell

Frequency (bpm)

Contraction (ms)

Contracted (ms)

Relaxation (ms)

Relaxed (ms)

1

O 0 N O L~ W N

o

1
12
13

12.03
18.20
22.78
2364
24.12
24.56
2598
26.34
29.13
3645
41.82
43.13
66.34

451
419
321
360
164
427
179
225
225
267
216
274
209

18
0

o o O

13

1
3
30
7

571
612
444
447
202
535
346
594
318
324
295
361
315

3949
2265
1868
1730
2122
1472
1784
1446
1517
1053
921

727

373

Results obtained from multiple cell analysis. The times of the different beating phases in milliseconds and the
corresponding beats per minute (bpm) were measured from 13 cells.
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Figure 7 Comparison of measured and known motion signals in different sectors. A CM image was
modified using image-processing methods with varying parameters to create a video resembling the
contraction and relaxation of the cell. In the upper row are illustrated A: the sector division, B: the velocity
vector field during the contraction, and C: the known displacement velocity. Since the artificial displacement
has circular symmetry, a horizontal cross-sectional displacement is shown. D: The proposed method was
applied to the video data and the signal marked with red was obtained. A blue signal illustrates the known
L displacement field.
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Table 2 Analysis result correlation with known displacement

Radial component 1 Radial component 3 Radial component 5
Noise variance AVG SD AVG SD AVG SD
0 0.964 0.000 0.952 0.000 0.939 0.000
0.003 0922 0.034 0.956 0.005 0.781 0.150
0.005 0.761 0111 0.950 0.013 0.532 0.152
0.007 0.480 0.364 0.926 0.076 0359 0.389
0.009 0490 0.177 0.894 0.050 0456 0.209
0.011 0423 0.342 0.671 0310 0.334 0228
0.013 0.183 0385 0441 0.250 0325 0324
0.015 0.259 0335 0435 0.440 —0.041 0410

The average correlations (AVG) of the analysis results with the known displacement field and their standard deviations
(SD). Noise with variances ranging from 0 to 0.015, with example images shown in Figure 6A-D, was added to video
frames that comprised the artificial displacement images of a cardiomyocyte. The average correlation of 8 videos
between the analysis results and the known displacement was determined, along with the standard deviation.

The velocity vector data was integrated with respect to time in order to obtain pos-
ition data, and compared with the current clamp data to see the relationship between
the mechanical and electrical activity. The time between the peaks of electrical activity
and mechanical activity was calculated from the synchronized data.

The DIC signal onset occurred after the action potential onset and the action poten-
tial declined earlier. Figure 9 shows both signals from one of the recorded cells in the
same graph. The basic action potential parameters for the recorded cell are listed in
Table 3. The time difference between the peaks of action potentials and the maximum
displacement was 306 ms with a 40 ms standard deviation. The result is in line with
previously reported values [22].

Discussion

We developed a microscope video analysis method to provide accurate and detailed in-
formation on the beating motion dynamics of single CMs, especially those derived from
stem cells. We observed that our DIC-based methods are promising for the study of

0.005 0015

Figure 8 Assessment of the effect of noise on video beating analysis. Varying degrees of speckle noise
variance were added to a video for testing noise resistance. A-D: Example images for four noise variance
levels are shown: 0, 0.003, 0.005, and 0.015.
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Figure 9 Combined current clamp and displacement data for a cell. A: Concurrent action potential
and displacement signal, integrated with respect to time from the movement data obtained from the video
data, are plotted in the same figure. The action potential data is shown in red and the movement data in
black. For current clamp data, the potential in mV is shown, whereas for movement data, the y-axis is
arbitrary. B: Image from the video data used for the analysis of a CM being recorded with current clamp.
C: An enlarged part of the signal showing the time difference between the action potential and the
displacement signal.

the mechanical functions of CMs because they enable the cell geometry-based beating
parameters of cells to be calculated. Previously, DIC had been used for the analysis of
cell cultures [11] and the morphogenesis of the heart and changes in blood flow during
embryogenesis [23]. The displacement vector analysis approach has also been used for
the analysis of the motion of living embryos [24]. In these in vivo studies, fluorescent
particles were injected into the embryos and the motion of the particles inside the heart
was analyzed. Our method does not require the invasion of the cell or the use of an
artificial tracer and can be used for detailed single cell analysis.

DIC was found to be a viable complement to electrical studies in CM research. In
this study, we demonstrated that MQD can be successfully used to analyze single beat-
ing CMs. Further, dividing the cell into sectors and calculating the radial and tangential
signals for different parts of the cell provides a way to derive basic cell motion direc-
tions and thus motion signals related to cell geometry. This enabled the robust detec-
tion of all movements. This is especially important for iPS cell-derived CMs that do
not beat as uniformly as fully matured native CMs. As also shown here, the beating
does not have a main contraction axis and the beating shows fusiform characteristics.

In comparison to other similar methods that analyse contraction [10,11], our analysis
that uses a sector approach is advantageous for iPS cell-derived CMs that lack the well-
organized structure of mature native cells. Our results show that the eight sectors and
directional components provide signals that can be used to analyze the mechanical be-
havior of an IPS cell-derived CM. Because it does not depend on mathematical estima-

tors such as the principal components of motion vectors, the method is simple and

Table 3 Action potential parameters
Unpatched (bpm) Patched (bpm) Vmax (dV/dT) APD10 (ms) APD50 (ms) APD90 (ms) APA (mV)
39 42.52 43,08 97.67 279.53 371.00 116.30

CM action potential parameters in current clamp experiment. Beats per minute (bpm) for unpatched and patched cells
are listed. Maximal rise velocity (Vmax), action potential durations at 10%, 50% and 90% of repolarization (APD10, APD50,
and APD90, respectively), and action potential amplitude (APA) are listed.
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robust. In our method dividing the cell into sectors depends on the visual selection of
the beating focus point. While this approach allows flexibility in analysis, it could result in
a source of user based error. As the optimal selection of the beating focus point is not in-
herently clear, automated methods for beating focus point detection well warranted.

Our results indicate that our method provides a reliable signal, and the results of the
simulated data show that the method performs well in challenging noise conditions.
The sector analysis withstood noise very well and provided high correlation figures
compared to simulated movements. In addition, the speckle noise applied in the noise
resistance provides a good approximation of video noise. The simulation results indi-
cate that our method is also applicable with relatively low quality video data and that
the standard cameras used in microscopes are capable of producing video data that can
be used for reliable motion analysis.

We used current clamp, considered as a gold standard for the analysis of single CMs
[25] as a reference method to verify the timing of beating. The region of interest for
the analysis was partly hampered by the patch pipette that blocked a large part of the
view to the cell. Still, the mechanical behavior of the beating cells, which corresponded
to electrical activity measured with current clamp, could be detected with the MQD
method with good accuracy. Furthermore, we observed that the beating of the cell dur-
ing the patching was noticeably weaker indicating that patching can alter the function.
Thus, non-invasive and non-label methods such as those presented here are well war-
ranted for the detailed functional analysis of CMs.

Some issues should be taken into account when making the video recordings and the
motion analysis. For example, the cells in our test were of varying sizes and, despite
our best efforts, the video focus was not uniform for all cells. In some videos, noise in
the recording and video packing artifacts caused noise in the motion analysis signal. This
was especially observed for the cells that had weak beating, videos that were slightly out of
focus, and cells that had a uniform surface pattern. The calculated contraction and relax-
ation times for different cells were, however, similarly proportioned despite the noise. Based
on these findings, it can be stated that high quality recordings are not required. Since the
method creates the signal based on the moving patterns inside the cell, it can also provide a
good signal when the cell is attached to the surface and the outline does not move.

In many cases, the dissociated CMs are attached to the bottom of the culture plate in
such a way that the outline of the cell does not move and the movement can only be
seen by observing the moving patterns inside the cell. Some cells, however, also had a
moving outline. As a result, the cells have varying and fusiform movement patterns.
However, our method was able to derive the movement dynamics of all these cells by
using the cell geometry-based sectorial and directional summation of the PIV vectors.
The sectorial approach has specific benefits for the analysis of cells such as stem cell-
derived CMs with varying and inhomogeneous movement patterns inside the cells or
with a lack of a main axis of contractility. Due to these reasons, quantifying the extent
of the contraction or contractility of the dissociated CMs derived from iPS cells, e.g. in

pixels per time unit or movement in micrometers, is not meaningful.

Conclusions
MQD analysis using a sector approach provides a novel way for the non-invasive and
non-labeled function analysis of the biomechanics of CMs, especially those derived
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from stem cells. Motion analysis in general has clear advantages over other existing
methods: it requires very little training for personnel, it does not require external hardware
apart from a microscope and a video camersa, it can be used for high throughput screening,
and it is non-invasive and label-free. Motion analysis can also reveal information that is be-
yond the electrical properties and ion movements of the cardiac cells such as actual bio-
mechanical timing and possible intracellular motion defects. Motion analysis is, therefore,
an important addition to any electrical study. Moreover, the motion analysis method may
provide an important addition to the traditional way of studying cell functionality, especially
the actual mechanical movement, namely the timing of contraction and relaxation of CMs.
Our method is especially designed to provide robust motion information from fusiform
inhomogeneously beating dissociated CMs derived from stem cells.

In conclusion, these capabilities in conjunction with improved stem cell technologies
that produce patient specific cell lines make the proposed system a good candidate for
high throughput drug screening, safety analysis, and the basic studies of cardiac diseases
using stem cell-derived CMs.
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