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Abstract

The derivation of human embryonic stem cells (hESCs) from developing embryos, as
well as the more recent discovery of human induced pluripotent stem cells (hiPSCs), has
revolutionized the research of genetic diseases, also in the cardiovascular field. These
cells are collectively called human pluripotent stem cells (hPSCs), and they possess the
ability to self-renew and differentiate into all cell types of the human body. Thus, hPSCs
represent a potential source of cells for future regenerative medicine applications and 7

vitro modeling of genetic diseases as well as a platform for drug screening.

hPSCs can be cultured under laboratory conditions and differentiated into desired cell
types. In vitro culture methods for hPSCs have improved markedly in recent years, from
the use of animal-derived feeder cell layers and serum-containing medium to more
defined feeder cell-free culture methods, including protein or synthetic attachment
matrices and defined cell culture medium compositions. Current cardiac differentiation
methods are based on EB (embryoid body) formation, co-culturing hPSCs with mouse
endodermal-like cells (END-2), or to more guided monolayer cardiac differentiation

applying various growth factors in feeder cell-free cultures.

Hypertrophic cardiomyopathy (HCM) is one the most common genetic cardiovascular
diseases, with a prevalence of 1:500 in the general population. In HCM, typically the
interventricular septum (IVS) is thickened, which may lead to progressive heart failure
and sudden cardiac death (SCD). The mutations that lead to HCM are typically located
in the genes encoding sarcomeric proteins. In Finland, two founder mutations account
for approximately 18% of Finnish HCM cases. These mutations are located either in the
myosin-binding protein C (MYBPC3-G/n1061X) or in o-tropomyosin (TPM7-
Asp175Asn) genes.

Conventionally, cardiomyopathies have been studied using animal models, primarily
rodents, or human tissue samples collected from end-stage HCM patients from surgical
myectomies. The properties of rodent cardiomyocytes differ greatly from human
cardiomyocytes, and cardiomyocytes derived from adults rapidly lose their typical

properties, e.g., beating, when cultured 7# vitro. Using hiPSC technology, we are now able



to reprogram patient somatic cells into hiPSCs that contain the same genetic
information, including mutations, as the patient. These patient-specific hiPSCs can be
differentiated into cardiomyocytes, and their morphological and electrophysiological

properties can be studied 77 vitro.

The first two aims of this thesis were to compare the cardiac differentiation efficiencies
of various hESC and hiPSC lines and to evaluate the effects of hPSC culture methods
on the cardiac differentiation efficiencies of hPSCs. We observed marked variations in
the cardiac differentiation potential of individual hPSC lines. Furthermore, hESCs were
more efficient in producing cardiomyocytes than hiPSCs. This phenomenon could
partially be explained by the use of integrating retroviruses in hiPSC production.
Furthermore, culture conditions had a significant effect on the cardiac differentiation
potential of hPSCs, revealing the superiority of mouse feeder cell layer-based methods
over the tested feeder cell-free culture method. The third aim was to develop cell models
for studying HCM iz vitro using patient-specific hiPSCs. hiPSC-derived HCM
cardiomyocytes exhibited the HCM phenotype but simultaneously revealed significant
differences between cardiomyocytes carrying the MYBPC3-G/n1061X or TPMT-
Asp175Asn mutations. The hiPSC-derived 7# vitro models established in this thesis
represent a valuable tool to study the pathophysiological mechanisms of HCM, drug

screening and potentially optimize the drug treatments in a mutation-specific manner.



Tiivistelma

Ihmisen alkion kantasolut (hESC-solut) ja indusoidut kantasolut (hiPSC-solut) ovat
erittdin monikykyisid eli pluripotentteja kantasoluja. Pluripotentit kantasolut (hPSC-
solut) pystyvit jakautumaan rajattomasti, minka lisdksi niitd voidaan erilaistaa halutuksi
solutyypiksi laboratorio-olosuhteissa. Tilld hetkelld pluripotentteja kantasoluja voidaan
jo hyédyntdd erilaisten tautien tutkimisessa sekd lddkekehityksessi. Ainutlaatuisten
ominaisuuksiensa ansiosta erittiin monikykyisid kantasoluja voidaan tulevaisuudessa
kayttda erilaisista solupuutoksista tai solujen toimintojen hiiriéistd johtuvien sairauksien

hoitoon.

Hypertrofinen kardiomyopatia (HCM) on periytyvi sydinlihassairaus, jossa syddmen
kammioiden vilinen seindimd paksuuntuu. Kudoksen liikakasvun vuoksi paksuuntunut
kammiolihas rentoutuu huonosti, miki voi aiheuttaa potilaille syddimen vajaatoiminta-
oireita seki pitkille edettydin rytmihairi6itd ja jopa dkkikuolemia. Tautiin ei ole olemassa
parannusta, ja nykyiset hoitomenetelmit keskittyvit potilaiden oireiden hoitoon.
Tyypillisesti taudin aiheuttavat geenimutaatiot sijaitsevat sarkomeeriproteiineja
koodaavissa geeneissd. Suomessa kaksi valtamutaatiota kattaa noin 18% HCM-potilaista.
Mutaatiot sijaitsevat myosiinia sitovassa proteiinissa (MYBPC3-Gn1061X) tai o-
tropomyosiinissa (1PM7-Asp175Asn).

Aikaisemmin perinnéllisid syddnsairauksia on tutkittu joko eldinmallien tai aikuisen
yksilon syddmestd eristettyjen solujen avulla. Eldinten syddnlihassolut poikkeavat paljon
ihmisen sydénlihassoluista, ja aikuisesta yksilostd eristettyjen sydanlihassolujen
kasvattaminen laboratorio-olosuhteissa on vaativaa. hiPSC-soluteknologian avulla
aikuisen yksilon jo tiysin erilaistuneet solut voidaan muuttaa takaisin alkion kantasoluja
muistuttaviksi pluripotenteiksi soluiksi. hiPSC-soluja voidaan tuottaa esimerkiksi
perinnollisid syddnsairauksia sairastavien potilaiden ihosoluista. Ndmi potilasspesifiset
solut sisiltdvit saman geneettisen informaation kuin potilaan perimi, mukaan lukien
sairauden atheuttavan geenivirtheen. Potilasspesifisia hiPSC-soluja on mahdollista
erilaistaa laboratoriossa sydinlihassoluiksi, joiden morfologisia ja toiminnallisia

ominaisuuksia voidaan sen jilkeen tutkia tarkemmin.



Tama vaitéskirja kisittelee hESC- ja hiPSC-solujen erilaistamista syddnlihassoluiksi
sekd solumallin kehittimisti HCM-taudin mallintamista varten. Ensimmaiisessa
osatyossi hPSC-solulinjojen vililli havaittiin merkitsevid eroja niiden kyvyssi
erilaistua sydinlihassoluiksi, minki lisiksi hiPSC-solujen valmistustavan huomattiin
vaikuttavan solujen erilaistumistehokkuuteen. Toisessa osaty6ssi hPSC-soluja
kasvatettiin kolmessa eri kasvatusolosuhteessa, joiden havaittiin vaikuttavan solujen
erilaistumispotentiaaliin merkitsevasti. Ndin ollen seka hiPSC-solujen valmistustapa
ettd hPSC-solujen kasvatusmenetelmidt tulisi optimoida tulevissa tutkimuksissa.
Viitoskirjan kolmannessa osaty6ssi kehitettiin solumalleja HCM-taudin tutkimusta
varten. Suomalaisia valtamutaatioita (IPM7-Asp175Asn tai MYBPC3-Gin1061X)
kantavilta potilailta eristettiin fibroblasteja, jotka uudelleenohjelmoitiin hiPSC-
soluiksi. Potilaiden hiPSC-soluista erilaistettujen sydénlihassolujen ominaisuuksia
verrattiin - keskenddn sekd kontrollihenkildiden hiPSC-soluista erilaistettujen
sydinlihassolujen ominaisuuksiin. Tutkimuksessa havaittiin merkitsevid eroja sekd
HCM-potilaiden ja kontrollihenkiléiden syddnlihassolujen vililli ettd kahden eri
HCM-mutaation siséltivien syddnlihassolujen vililld. Tédssa viitoskirjassa kehitettyjd
HCM-solumalleja voidaan tulevaisuudessa kdyttdd tarkempien tautimekanismien

tutkimisessa ja lddkekehityksess.
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1 Introduction

The derivation of human embryonic stem cells (hESCs) (Thomson et al., 1998) and,
more recently, the invention of human induced pluripotent stem cells (hiPSCs)
(Takahashi et al., 2007) have opened new opportunities for research and cellular
therapies in regenerative medicine. These cells, collectively called human pluripotent
stem cells (hPSCs), have the ability to self-renew indefinitely and to differentiate into
derivatives of all three germ layers (Takahashi et al., 2007; Thomson et al., 1998).
Thus, hPSCs provide a potential source of cells for regenerative medicine
applications as well as 7 vitro modeling of genetic diseases and drug screening.

Traditionally, hiPSCs have been reprogrammed from skin fibroblasts by virally
transferring four pluripotency factors, specifically octamer-binding transcription
factor 3/4 (OCT3/4), sex-determining region Y-box 2 (§OX2), Kruppel-like factor
4 (KLLF4), and myelocytomatosis viral oncogene homolog (C-MYC), which integrate
into the genome of the target cell (Takahashi et al., 2007). More recent methods have
aimed to produce hiPSCs using non-integrative viral transfection (Fusaki et al.,
2009), integrative vectors that can be excised after reprogramming (Soldner et al.,
2009), or non-viral delivery methods, such as the introduction of episomal vectors
into target cells using electroporation (Yu et al., 2009).

hPSCs have turned out to be one of the most demanding cell types to grow stably
under 72 vitro conditions. Since mouse embryonic fibroblast (MEF) feeder cell layers
and fetal bovine serum (FBS)-containing culture medium (Thomson et al., 1998),
culture methods have developed toward more defined, serum- and xeno-free
conditions. A substantial variety of culture conditions are based on the use of either
mouse (Amit et al., 2000; Thomson et al., 1998) or human (Hovatta et al., 2003;
Richards et al., 2002) feeder cell layers or extracellular matrix (ECM) proteins (Amit
et al., 2004; Ludwig et al., 2006a,b; Rodin et al., 2010; Xu et al., 2001), which provide
an adequate attachment matrix for the undifferentiated growth of hPSCs. hPSC
culture media are composed of either serum or serum-replacement (Amit et al., 2000,
Thomson et al., 1998), and various growth factors (Chen et al., 2011; Ludwig et al.,
2006a,b). In more recent methods, expensive ECM proteins have been replaced by
synthetic polymer surfaces (Nandivada et al., 2011).
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hPSCs can be differentiated into cardiomyocytes under laboratory conditions.
Differentiation methods are based on embryoid body (EB) formation (Itskovitz-
Eldor et al., 2000), co-culturing hPSCs with mouse endodermal-like cells (END-2)
(Mummery et al., 2003) or more direct differentiation on a monolayer using different
growth factors and small molecules (Laflamme et al., 2007). However, the efficiency
of cardiac differentiation appears to vary when using different cell lines and
differentiation methods (Osafune et al., 2008).

Hypertrophic cardiomyopathy (HCM) is one of the most common genetic
cardiovascular diseases, with a worldwide prevalence of 1:500. In HCM, the cardiac
muscle tissue in the interventricular septum (IVS), which separates the ventricles
from each other or in the free wall of the left ventricle is thickened. The most severe
symptoms of HCM are progressive heart failure and sudden cardiac death (SCD).
(Maron et al., 2014.) HCM is caused by more than 1400 mutations, which reside
primarily in genes coding for sarcomeric proteins (Roma-Rodrigues & Fernandes,
2014). The clinical phenotype of the disease is variable, and most of the patients
carrying the mutations live their lives without any symptoms (Maron et al., 2014). In
Finland, two founder mutations in genes coding for myosin-binding protein C
(MYBPC) and a-tropomyosin (TPM1) proteins account for approximately 18% of
Finnish HCM cases (Jdaskeldinen et al., 2013).

Research of genetic cardiovascular diseases has lacked of good disease models
because rodents, which are primarily used, differ greatly from humans. The ability to
derive hiPSCs from patients carrying inherited cardiac diseases has revolutionized
research in the cardiovascular field. Thus far, hiPSCs have been used to model a
variety of cardiac diseases, including channelopathies (Fatima et al., 2011; Kujala et
al., 2012a; Lahti et al., 2012; Moretti et al., 2010), which are electrical defects caused
by the malfunctioning of certain ion channels or receptors, as well as
cardiomyopathies, in which the structure of the heart muscle is affected (Lan et al.,
2013; Sun et al., 2012).

The first aim of this thesis was to compare the cardiac differentiation capacities
of both hESCs and hiPSCs. These hPSCs were derived in two different laboratories
from different cell sources with distinct methods. The second aim was to determine
which hPSC culture method would be optimal when considering cardiac
differentiation potential after long-term culture. The effects of two feeder cell layer-
based methods and one feeder cell-free method on the cardiac differentiation
potential of hPSCs were studied. The final aim of this thesis was to develop cell
models for HCM with patient-specific hiPSCs by exploiting the knowledge learned
from the previous studies.
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2 Review of the literature

2.1 Stem cells

Stem cells are defined as cells that have the ability to self-renew as well as to
differentiate into other cell types. Stem cells can be categorized into subgroups based
on their differentiation potential (Figure 1).

Adult stem and progenitor cells

Totipotent Pluripotent Multipotent Unipotent Organs

= Co= &P
fertilized egg é / Ecod =)

blastocyst
! —-|0_ 4@
/ \ Mesoderm

"R

Endoderm

Figure 1. Differentiation potential of stem cells. After fertilization of the egg through the eight-cell stage
of the morula, cells are fotipotent and are able to form an individual. In the blastocyst
structure, cells are divided into pluripotent cells in the inner cell mass (ICM) and into
trophoblast cells in the outer layer of the blastocyst. The cells in the ICM are pluripotent and
are able to form all tissues in the human body, while the trophoblast cells form
extraembryonic tissues such as the placenta. Later in development, the cells are divided
into three germ layers, ectoderm, mesoderm and endoderm, from which different tissues
are formed. In adult tissues, cells derived from adult stem and progenitor cells, which have
multipotent or unipotent differentiation potential, continuously replace aging cells. However,
it is believed that adult stem cells also have the ability to transdifferentiate into cells of other
tissue lineages. (Wobus & Boheler, 2005.) The figure is composed of images from the
Servier Medical Art image bank (www.servier.com/Powerpoint-image-bank).
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In the beginning of human development, the fertilized egg and the cells from the
first divisions are called #ofjpotent cells, which have the ability to form a whole
individual. This totipotency is retained until the eight-cell stage of the morula. Later
in development, the cells are divided into two distinct groups in the structure called
a blastocyst. The cells in the inner cell mass (ICM) of the blastocyst are pluripotent,
and they form the embryo, while the outer trophoblast cells form extraembryonic
tissues such as the placenta. Although pluripotent stem cells have the ability to form
all tissues in the human body, they have lost the ability to form extraembryonic
tissues and are therefore not able to form an individual. In adults, stem cells are
needed for tissue regeneration and normal cellular turnover, as most cell types in the
human body have a relatively short lifespan. Adult stem and precursor cells, which
have either multipotent or unipotent differentiation potential, are found in almost every
tissue in the human body. (Wobus & Boheler, 2005; Wolpert et al., 2007; Yamanaka
et al., 2008a.)

21.1  Human pluripotent stem cells

Both hESCs and hiPSCs have the unique ability to form cell types of all three germ
layers: endoderm, mesoderm and ectoderm (Figure 2). The first hESC line was
derived by Thomson and co-workers in 1998 (Thomson et al., 1998). Traditionally,
hESCs are derived from the ICM of the blastocyst but early blastomeres or morula
stage embryos have also been used (Klimanskaya et al., 2006; Strelchenko et al.,
2004). In Finland, hESCs are derived from surplus embryos donated for research by
couples undergoing 7z vitro fertilization (IVF) treatments (Skottman, 2010).

For a long time, the scientific community believed that cell differentiation was a
one-way route and that there was no turning back when a cell reached a fully
differentiated state. In 2006, Yamanaka and co-workers were able to reprogram
already fully differentiated mouse cells back into the pluripotent stage via retroviral
induction with specific pluripotency factors: OCT3/4, SOX2, KL.LF4 and C-MYC.
These four transcription factors, so called “Yamanaka factors,” were able to force
endogenous pluripotency genes to be turned on in the transfected cell, changing the
cell back to a pluripotent state (Takahashi & Yamanaka, 2006). In 2007, the team
repeated the reprogramming using human fibroblasts, creating hiPSCs (Takahashi et
al., 2007). Similar to hESCs, hiPSCs also have the ability to self-renew and give rise
to all somatic cell types. Although the discovery of hiPSCs has been a revolutionary

invention in the stem cell field, it would not have been possible without eatlier
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research, including somatic cell nuclear transfer (SCNT) (Briggs & King, 1952;
Gurdon, 1962; Wilmut et al., 1997), which suggested that the nuclear status of a
differentiated cell could be reverted back to totipotency by factors in the cytoplasm
of an oocyte (Yamanaka, 2008b).

Generation of hiPSCs
é Derivation of hESCs *

Reprogramming of

somatic cells /

Isolation of pluripotent
cells from ICM

Y
¥

Endoderm A 7 § Mesoderm
R o i o B /. N ¥,

2y

Neural cells

Figure 2. Human pluripotent stem cells (hPSCs). Human embryonic stem cells (hESCs) are derived
from the inner cell mass (ICM) of a blastocyst. Somatic cells from a patient or from control
individual are reprogrammed into human induced pluripotent stem cells (hiPSCs) by
transferring exogenous pluripotency factors into the cells. hRESCs and hiPSCs, collectively
called hPSCs, have the ability to form all three germ layers. In the laboratory, hPSCs can
be cultured for extended periods of time and differentiated into derivatives of different germ
layers, such as hepatocytes, neural cells, retinal pigmented epithelial (RPE) cells and
cardiomyocytes. The figure is composed of images from the Servier Medical Art image bank
(www.servier.com/Powerpoint-image-bank) and cell pictures from BioMediTech.
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Because of their unique properties, hPSCs can be maintained in the laboratory for
extended periods of time in their undifferentiated state and differentiated into
various cell types, including cardiomyocytes (Itskovitz-Eldor et al., 2000), retinal
pigmented epithelial (RPE) cells (Vaajasaari et al., 2011), neural cells (Nat et al., 2007)
and hepatocytes (Hay et al., 2008) (Figure 2). hPSCs represent a limitless cell source
for regenerative medicine applications as well as for studying developmental
processes and genetic diseases.

The groundbreaking discovery of hiPSCs has opened completely new
opportunities for disease modeling and drug screening also in the cardiac field.
Conventionally, cardiac diseases have been modeled using animal models or
genetically engineered cell lines. These models often correlate poorly with the results
from human studies. In addition, obtaining cardiac tissue directly from patients for
research purposes is difficult, and adult human cardiomyocytes also dedifferentiate
rapidly under cell culture conditions and lose their characteristic properties. With the
hiPSC technique, we are able to derive cells directly from a patient and transfer the
same genetic information and mutations into hiPSC-derived cardiomyocytes. Thus,
hiPSCs have great potential to revolutionize the research of cardiovascular diseases.
(Savla et al., 2014.) Yamanaka received a Nobel Prize and the Millennium Prize in
2012 for his pioneering work in the field of stem cells.

2.1.2  Generation of human induced pluripotent stem cells

In the first conversion of mouse and human fibroblasts into iPSCs, Yamanaka’s
group used the viral transduction of four transcription factors (OCT3/4, SOX2,
KILF4 and C-MYC) (Takahashi et al., 2007; Takahashi & Yamanaka, 2006). This
method involved the integration of viral genes into the host cell genome, which
involves a risk of tumorigenicity due to the insertional mutagenesis and uncontrolled
gene expression as well as potential reactivation of the virus (Bayart & Cohen-
Haguenauer, 2013; Park et al., 2014). To circumvent these problems, a variety of new
methods using different non-viral and non-integrative methods have been
developed. Technological options for hiPSC transduction are presented in Figure 3.

24



SOX2 C-Myc 3
&
NANOG 2
L-MYC
oCT3/4 =
©
(=2l
KLF4 LIN28 =4
2
Viral transduction Non-viral delivery
(electroporation /
transfection reagents)
Integrative 8
Non-integrative (retro- & lentiviral Integrative Non-integrative £
vectors) (vectors, transposon) 2
=
/ \ 2
Adenovirus  Sendai virus RNA Protein 8
(episomal) (RNA)
Episomal
Non-excisable  Excisable vector vectors
vector
forabists b0 calls Keratinocytes hair follicle
[ ) (J cels @ @
felanocytes dental pulp @ adipose stem =
@ cells from urine cels @ cells g
samples @

Smooth muscle
cells [ J

Figure 3. Reprogramming factors, different delivery methods and donor cell types used in hiPSC
generation. The data presented in the figure were collected from review articles (Bayart &
Cohen-Haguenauer, 2013; Hu, 2014). MSCs, mesenchymal stem cells; hAFSCs, human
amniotic fluid stem cells.

Viral transduction can be achieved using either integrating or non-integrating viral
vectors. In 2007, two distinct research groups published the first generation of
hiPSCs. In the first paper, the delivery was accomplished using retroviral pMXs
vectors (Takahashi et al., 2007), while in the second paper the transduction was
performed using lentiviruses (Yu et al., 2007). The proteins, which are needed for
virus replication and packaging, are deleted from the pMXs vectors. Retroviral
vectors are able to target cells according to their envelope pseudotype. These vectors
are only able to transduce actively dividing cells. Lentiviruses, in contrast, are also
able to transduce non-dividing cells. (Bayart & Cohen-Haguenauer, 2013.) Both
retro- and lentivirally transferred genes are expected to be silenced during the
reprogramming process through methylation and epigenetic modification (Matsui et
al., 2010). Sometimes, however, the process is incomplete, which results in partially
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reprogrammed hiPSC lines (Mikkelsen et al., 2008; Sridharan et al., 2009; Takahashi
& Yamanaka, 2000).

To overcome the problems related to transgene integration into the genome,
excisable vectors have been engineered based on, for example, Cre-recombinase-
mediated excision (Soldner et al., 2009). In this method, the sequence of the gene to
be integrated into the genome is inserted between two /oxP sites in the LTR (long
terminal repeat) region of the vector. After transfecting the cells, the integrated
transgene can be excised from the genome by transfecting the hiPSCs with Cre-
recombinase. (Soldner et al., 2009.) When using this method, polycistronic vectors,
which express all reprogramming factors in one vector separated by 2A sequences,
are favored (Chang et al., 2009; Kaji et al., 2009). Reprogramming factors in distinct
vectors are integrated at independent sites, which can lead to genomic instability and
genome reorganization when Cre-recombinase is introduced into the cells.

Non-integrative viral methods include the use of Sendai viral and adenoviral
vectors. With these two non-integrative viral methods, the Sendai virus has turned
out to be more efficient for the generation of hiPSCs. Sendai virus vectors replicate
their single-stranded RNA in the cytoplasm without entering the nucleus of the
infected cell (Fusaki et al., 2009). In addition, they are able to infect a wide variety of
cell species and tissues by attaching to sialic acid receptors, which are present on the
surface of various cell types (Fusaki et al., 2009). Adenoviral vectors, in contrast,
contain DNA, which is transported to the nucleus of the target cell. However, this
adenoviral DNA is not integrated into the genome, and the expression of the
adenoviral genes is thus transient. (Stadtfeld et al., 2008; Zhou & Freed, 2009.)

Non-viral methods are based on delivering genes (DNA), RNA copies of the
genes or proteins to target cells. Different delivery carriers, such as transposons, and
methods, including electroporation and transfection reagents, have been reported
(reviewed in Park et al., 2014). The previously mentioned polycistronic vectors can
also be transferred into target cells without viral delivery through electroporation
(Kaji et al., 2009; Soldner et al., 2009). The PiggyBac transposon and transposase
system is another integrative non-viral method used in hiPSC generation (Woltjen et
al., 2009). In this method, the transposase enzyme cleaves the delivered genes from
specific cleavage sites in the PiggyBac vector and transfers them into the target
genome. The same enzyme can be used to excise exogenous genes from the genome
after reprogramming (Woltjen et al., 2009).

For non-integrative non-viral hiPSC production, episomal vectors, messenger
RNA (mRNA) molecules or purified protein can be used. Episomal vectors derived
from Epstein-Barr virus (oriP/EBNAT1) are used in hiPSC production (Okita et al.,
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2011; Yu et al,, 2009). These vectors can be used to introduce reprogramming factors
into cells without a need for viral packaging. The expression of the exogenes is
transient and they disappear from the transfected cells during culture (Yu et al.,
2009). Lastly, nanoparticles have been used to improve the efficiency of
reprogramming, particularly with mRNA molecules and proteins (Khan et al., 2013;
Lee et al., 2011).

In most of these methods, the four Yamanaka factors (OCT3/4, SOX2, KI.I['4
and C-MY'C) are used. Other commonly used factors in reprogramming cocktails, as
well as the donor cell types, are presented in Figure 3. Despite the great development
of hiPSC induction methods, many research laboratories aiming for basic research
are still performing gene delivery via vector systems, as these methods have been
demonstrated to be the most effective.

2.1.3  Invitro culture of human pluripotent stem cells

The first hESC lines were derived on top of mitotically inactivated MEF feeder cell
layers in culture medium containing FBS (Thomson et al., 1998). The first culture
methods followed those that had originally been developed for mouse embryonic
stem cells (mESCs). However, hESCs soon turned out to be quite different from
mESCs; for example, leukemia inhibitory factor (LIF) alone was not able to maintain
hESCs undifferentiated, in contrast to mESCs. In the past 10-15 years, much
knowledge regarding the key molecular pathways and transcription factors involved
in self-renewal and differentiation has been obtained, and this knowledge has been
translated for the optimization of hPSC culture conditions. From the use of feeder
cells and ECM proteins, hPSC culture is moving toward the use of synthetic
components combined with biological motifs and toward fully synthetic culture
materials combined with fully defined culture medium. (Villa-Diaz et al., 2013.) The
most important culture methods and cornerstones that have changed the direction
of hPSC culture development are shown in Table 1.

Initial hPSC culture employed a MEF feeder cell layer and Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 20% FBS, 1 mM glutamine, 0.1 mM
B-mercaptoethanol and 1% non-essential amino acids (NEAA) (Thomson et al.,
1998). One important milestone in hPSC culture was the replacement of FBS with
knockout serum replacement (ko-SR) and the addition of basic fibroblast growth
factor (bFGF) to the medium (Amit et al., 2000). These modifications have enabled
the long-term and undifferentiated culture of hPSCs. However, ko-SR still contains
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bovine serum albumin (BSA) and is thus not optimal for hPSC culture considering
the potential future clinical use of hPSCs (Price et al., 1998). The production of MEF
feeder cells is quite laborious, and as is the case for many primary cells, the lifespan
is quite short: only 5-6 passages. STO feeder cells, which is an immortalized cell line
derived from MEFs, have been used to overcome this problem (Patk et al., 2004).
The first hiPSCs were derived over SNL feeder cells, which are derived from the
STO cell line transfected with neomycin-resistance and murine L7f genes (T'akahashi
et al., 2007).

Table 1.  The development of hPSC culture methods.

Key media . .
Feeder cell/substrate components Innovation/Achievement Reference Company
. _— Thomson
MEF FBS First derivation of hRESCs etal., 1998 -
Replacement of FBS with ko-SR Amit et al,, Life Technologies
MEF ko-SR,bFGF 14 the addition of bFGF 2000 (ko-SR)
Fetal muscle, fetal skin, . Richards _
adult fallopian tube FBS, HS First human feeder cell layer etal., 2002
Matriqel™ MEF-CM (ko- First publication of feeder cell Xuetal, _
9 SR), bFGF -free culture 2001
Fibronectin ko-SR, TGFB, First feeder- and serum-free Amit et al., _
LIF, bFGF culture 2004
Collagen IV, fibronectin, TeSR1 First defined hPSC culture Ludwigetal., STEMCELL
laminin, vitronectin (TeSR™2) in feeder and xeno-free conditions 2006a Technologies
. First commercial feeder cell-free Ludwig etal.,  STEMCELL
™ ™ !
Matrigel mTeSR™1 method 2006b Technologies
Laminin511 TeSR™?2 Long-term culturg pf hPSCs on Rodin et al., BioLamina
recombinant laminin surface 2010
Vitronectin E8 Medlum that contains only 8 Chen et al., Life Technologies
essential components 2011
StemPro® Promising fully synthetic Nandivada . .
PMEDSAH hESC SFM polymer surface otal, 2011 Life Technologies

MEF mouse embryonic fibroblast; FBS fetal bovine serum; hESC human embryonic stem cell; ko-SR knockout-serum
replacement; bFGF basic fibroblast growth factor; HS human serum; MEF-CM medium conditioned on mouse embryonic
fibroblasts; TGFP transforming growth factor B, LIF leukemia inhibitory factor; PMEDSAH poly[2-(methacryloyloxy)ethyl dimethyl-
(3-sulfopropyl)ammonium hydroxide]

Animal-derived feeder cells and culture supplements contain nonhuman animal
proteins and represent a potential source of pathogens, which can incorporate into
hPSCs during culture (Hisamatsu-Sakamoto et al., 2008; Martin et al., 2005). Thus,
many human cells have been tried as feeder cells for hPSCs to overcome the
xenogeneic problems related to MEFs. Both adult and fetal fibroblasts have been
tested, such as postnatal human foreskin fibroblasts (hFFs) (Hovatta et al., 2003).
Lastly, so-called autologous feeders differentiated from hPSCs themselves have also
been used (Stojkovic et al., 2005; Xu et al., 2004).

Feeder cell layers provide the appropriate attachment substrate and secrete

proteins and growth factors, which are needed for the undifferentiated growth of
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hPSCs. However, the secretion profiles of feeder cells derived from different sources
vary a great deal. For example MEFs, secrete higher levels of Activin A than human
feeder cells while lacking the expression of bFGF, which is produced by human
feeder cells (Eiselleova et al., 2008). In addition, the preparation of feeder cells is
time-consuming and laborious and the scale-up of hPSC production is difficult when
using feeder cell layer-based culture methods. Thus, the research on culture methods
has focused on finding well-defined, xeno-free materials and supplements that would
allow the large-scale production of hPSCs for drug-screening applications as well as
to clinical use. (Celiz et al., 2014.)

The first method for feeder cell-free culture of hPSCs was published in 2001. In
this method, Xu and co-workers used Matrige]™ as an attachment matrix and
medium conditioned on a MEF feeder cell layer (MEF-CM) (Xu et al.,, 2001).
Matrigel™ is a mixture of various ECM proteins, such as laminin, collagen and
fibronectin, as well as growth factors and proteoglycans (Kleinman et al., 1982). It is
derived from Engelbreth-Holm-Swarm (EHS) mouse sarcoma cells and is thus
prone to batch-to-batch variability. Geltrex® is another basement membrane
preparation similar to Matrigel™ but obtained from a different company. From the
use of medium conditioned on different feeder cell layers, researchers have moved
on to using media with known and defined compositions. The first feeder- and xeno-
free medium was published in 2006 (Ludwig et al., 2006a). This medium, called
TeSR1 (TeSR™2), is a complex mixture of ingredients including human serum
albumin (HSA), vitamins, antioxidants, trace minerals, lipids and growth factors such
as high concentrations of bFGF (Ludwig et al., 2006a). In the same year, modified
TeSR1 (mTeSR™1) medium was published in which the expensive compounds had
been replaced with more affordable animal-sourced components, such as replacing
HSA with BSA (Ludwig et al., 2006b). Both media are commercially available from
STEMCELL Technologies. In 2011, the same research group published a more
simplified medium that contains only the eight most essential components
(DMEM/F-12, L-ascorbic acid, selenium, transferrin, NaHCO3, insulin, bFGF and
transforming growth factor § (TGEp)) needed for the undifferentiated growth of
hPSCs (Chen et al., 2011).

Undefined animal-derived growth substrates, such as Matrige]™ and Geltrex®,
have been replaced by individual ECM proteins, such as fibronectin, laminin or
vitronectin, and more recently, fully synthetic substrates. Human recombinant
laminins, for example, laminin-511, which is expressed in the ICM of blastocysts,
have been discovered to be potential substrates for hPSCs (Rodin et al., 2014, 2010).
However, hPSC culture under feeder cell-free and defined conditions is more
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demanding for the cells, and hPSCs are more prone to develop karyotypical changes
when cultured under these conditions (Celiz et al., 2014). Supplements such as Rho-
associated protein kinase (ROCK) inhibitors have been used to reduce the apoptosis
observed during the passaging of hPSCs in defined media and substrate
compositions (Watanabe et al., 2007).

Despite the broad development of hPSC culture methods in recent years,
research laboratories are still widely using either feeder cell layer-based methods or
Matrigel™ for the long-term culture of hPSCs. One reason for this is that the usage
of ECM proteins and fully defined media is extremely expensive. Thus, it is
important to identify not only a defined and xeno-free but also an affordable method
that would be easy to scale-up and automatize for the production of the high

numbers of hPSCs necessary for regenerative medicine applications.

214  Characterization of human pluripotent stem cells

According to their definition, hPSCs are undifferentiated cells with the capacity to
divide without limit and to differentiate into all somatic cell types. Furthermore,
more recently, germ cells have also been derived from hPSCs (reviewed in Hendriks
et al., 2015). hPSCs are characterized based on their morphology, the expression of
specific pluripotency factors both on the gene and protein levels and their ability to
form derivatives from all three germ layers. When considering hiPSCs, artificially
transferred exogenous genes must be silenced. It is also important to show that the
hPSC karyotype is normal at the beginning of the derivation and that it remains
stable during long-term culture.

hPSCs tend to form tightly packed colonies with defined and even borders
(Figure 2). Individual cells have a high nucleus-to-cytoplasm ratio and prominent
nucleoli (Thomson et al., 1998). hPSCs exhibit high telomerase and alkaline
phosphatase activities, and they express surface markers such as the stage-specific
embryonic antigens SSEA-3 and SSEA-4 as well as the tumor-related antigens TRA-
1-60 and TRA-1-81 (Hoffman & Carpenter, 2005; Thomson et al., 1998). Numerous
transcription factors are exptressed in hPSCs, including OCT3/4 (also known as
POU5FT), SOX2 and the homeodomain protein Nanog, which form the core
network for the maintenance of pluripotency (Boyer et al, 2005). Other
characteristic transcription factors include RNA exonuclease 1 (REXT), left-right
determination factor 1 (LEFTY-7) and undifferentiated embryonic cell transcription
factor 1 (UTF-7) (Hoffman & Carpenter, 2005; Richards et al., 2004; Sato et al., 2003;
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Zhao et al., 2012). The expression of surface markers and transcription factors can
be studied at the gene expression level using methods based on reverse transcriptase
polymerase chain reaction (RT-PCR) or at the protein expression level using
immunocytochemical staining or western blotting.

The pluripotency of hPSCs can be studied 7 vitro by EB formation or 7z vive by
teratoma assay. When hPSCs are detached from the feeder cell layer or the culture
matrix, they form EB structures in which they spontaneously differentiate into all
three germ layers within approximately 4 to 6 weeks (Itskovitz-Eldor et al., 2000).
The expression of all three germ layers can be then examined by studying the
expression of genes specific for each layer by RT-PCR or by immunocytochemical
staining (Itskovitz-Eldor et al., 2000; Pekkanen-Mattila et al., 2010). Another method
for proving the pluripotency of hPSCs is to perform an iz vivo teratoma assay in
which the hPSCs are injected into various anatomical sites, including muscles and
the testis capsule, of severe combined immunodeficient (SCID) mice. At the
injection site, hPSCs form teratoma consisting of all three germ layers. After a certain
amount of time, the formed teratoma is removed and can be studied by hematoxylin-
eosin staining, immunocytochemistry or RT-PCR (Thomson et al., 1998). Recently,
there has been a debate as to whether teratoma assays are still needed to prove
pluripotency. From and ethical point of view, the assay may induce pain and
suffering in the animals used in the study. In addition, due to the expanding number
of hiPSC lines that are being derived, a large number of expensive animals are used.
From the experimental point of view, in a teratoma assay, the cells are exposed to a
non-physiological environment. In addition, the stem cell community lacks
standardized methods for injection, which greatly affects the results of the teratoma
assay (Buta et al., 2013). Unfortunately, the reviewers for peer-reviewed journals
often demand the teratoma assay as proof of pluripotency.

hPSC lines should have normal diploid karyotypes (46 XX/XY) at the beginning
of the cell line derivation, and this should be retained during extended periods of
hPSC culture (Hoffman & Carpenter, 2005). Conventionally, the karyotype has been
studied using G-banding chromosome analysis (Thomson et al., 1998), but now,
easier high-throughput methods, such as the KaryoLite karyotyping assay, are also
available (Lund et al., 2012a).
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2.2 Heart and cardiomyocytes

2.21  Structure of the heart and cardiac cells

The human heart is a four-chambered organ composed of two atria and two
ventricles. The chambers are separated from each other by septa, which prevent the
mixing of oxygen-rich and oxygen-poor blood. The atria receive blood from the
veins, while the ventricles eject the blood into the arteries. The right atrium receives
the oxygen-poor blood from the body and ejects it into the right ventricle. The right
ventricle pumps the blood to the lungs, and the oxygen-rich blood from the lungs is
returned to the left atrium of the heart. From the left atrium, blood moves to the left
ventricle, which pumps the blood throughout the body through the aorta. The left
ventricle is the thickest chamber of the heart (wall thickness: 6-11 mm), as it pumps
the blood to all other parts of the body under high pressure. IVS separates the right
and left ventricles from each other. (Tortora & Derrickson, 2011.)

The cardiac muscle tissue, myocardium, is composed of cardiomyocytes,
fibroblasts, endothelial cells and smooth muscle cells. Cardiomyocytes can be
divided into three subtypes, nodal, atrial and ventricular cardiomyocytes, based on
their electrical and mechanical properties. Typically, a ventricular cardiomyocyte is a
100-pm-long cell with a diameter of 10-15 pm. Its structure is branched, and it
connects to neighboring cells through intercalated discs. Healthy, mature
cardiomyocytes contain one to two nuclei. (Sarantitis et al., 2012; Yang et al., 2014.)
The structure of the contractile unit of the cardiomyocyte, the sarcomere, is

presented below.

2.2.2  Cardiac action potential

The main function of the heart is to pump the blood through the circulatory system
and to deliver oxygenized blood with all necessary nutrients to the tissues and organs
as well as to remove the waste products of metabolism. To accomplish this, the heart
must contract and relax rhythmically and continuously. This is achieved by the
generation of changes in the membrane potential, the so-called cardiac action
potential, which includes tightly regulated changes in ion currents. This electrical
activity can be measured from the whole human heart by recording an

electrocardiogram (ECG, Figure 4A). (George, 2013.)
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Figure 4. Cardiac action potential. A) Schematic illustration of an electrocardiogram (ECG). The P
wave represents the atrial depolarization, while the QRS represents the ventricular
depolarization and T wave ventricular repolarization. B) The ionic currents participating in
the cardiac action potential. C) The action potential starts when the resting phase (phase 4)
is disrupted by rapid depolarization (phase 0), indicating that the voltage across the cell
membrane, the so-called membrane potential, shifts from a negative to a more positive
charge. Depolarization is attributable to activation of the voltage-gated Na* channels,
allowing the inward current of Na* ions. This is followed by transient repolarization induced
by a small outward K+ current (phase 1) through fast-gating K* channels. The long phase 2,
or the so-called plateau phase, occurs with the inactivation of Na* channels and activation
of voltage-gated L-type Ca?* channels, which contribute to membrane depolarization. The
final repolarization, when the membrane potential returns back to its resting potential
(around -85 mV), occurs with an inward current of K* ions (phase 3). D) Early
afterdepolarizations (EADs) and delayed afterdepolarizations (DADs), caused by abnormal
ionic currents, are the two main mechanisms that trigger arrhythmias. (George, 2013.) The
figure is composed of images from the Servier Medical Art image bank
(www.servier.com/Powerpoint-image-bank).

The electrical activation of the heart starts from the pacemaker region (sinus node)
and propagates from cell to cell via gap junctions through the atria and the ventricles.
The waveform of the action potential varies between different cell types in the heart.
The main ion channels participating in the generation of the action potential are
gateways for Ca2*, Na* and K+ ions (Figure 4B). However, many other ion channels
also contribute to the generation and function of cardiac action potentials and are
regulated by several factors through complex pathways, such as the $-adrenergic
signaling pathway. (George, 2013; Nerbonne & Kass, 2005.) Ir vitro, the electrical
activity of a single cardiomyocyte can be measured with the patch-clamp technique
(Hamill et al., 1981; Sakmann & Neher, 1984; Zilberter et al., 1982), which gives the
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action potential of the cell (Figure 4C), or by microelectrode array (MEA) from a
cluster of cardiomyocytes (Kehat et al., 2002; Reppel et al., 2004).

Normally, the heart rate is 60-100 beats per minute (BPM). Arrhythmias occur
when the rhythm becomes irregular or the rate is too slow (bradycardias) or too rapid
(tachycardias) (Katz, 2001). Arrhythmias can occur due to anatomical conditions or
barriers, e.g., scarred myocardium, or ectopic impulses can trigger arrhythmias. At
the cellular level, two main mechanisms can trigger arrhythmias and are caused by
abnormal depolarizing ionic currents (Figure 4D). Early after depolarization (EAD)
appears during the plateau phase (phase 2), and delayed after depolarization (DAD)
appears after the completion of the action potential during phase 4. Prolonged action
potential duration enhances the risk of EADs, while an increased Ca2+ concentration

in the sarcoplasmic reticulum increases the risk of DADs. (George, 2013.)

2.2.3  Excitation-contraction coupling

The process by which an electrical signal is transformed into a mechanical
contraction is called excitation-contraction coupling. Calcium plays a major role in
this process. Transverse tubules (T tubules) are specialized invaginations in the
plasma membrane, which contain L-type Ca2* channels. Ca2* influx through these
channels during the plateau phase of the action potential (Figure 4C, phase 2) triggers
intracellular Ca?* release from the sarcoplasmic reticulum (SR) through the
ryanodine receptors (RYR2). This process is called Ca2*-induced Ca2* release
(CICR). When intracellular Ca2* levels rise, contraction occurs due to the binding of
Ca2* to the Troponin C (TnC) protein that resides in a Tn complex (discussed in
more detail below). The relaxation of the cardiomyocyte occurs when the
concentration on the intracellular Ca2* is decreased, mainly via the reuptake of Ca2+
to the SR by Ca2+-ATPase (SERCA) or by the extrusion of Ca2* to the extracellular
space via the Na*/Ca2t exchanger (NCX). (Bers, 2008; George, 2013.) The
intracellular Ca2+ signaling in cardiomyocytes on a single-cell level can be studied
vitro using specific fluorescent probes for Ca2* ions, such as fura-2 (Grynkiewicz et

al., 1985).
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2.24  Sarcomere: the contractile unit of the cardiomyocyte

An adult cardiomyocyte is composed of evenly distributed and organized myofibrils,
which are divided into approximately 2.2-um-long contractile units called
sarcomeres. Sarcomeres are composed of thin actin and thick myosin filaments and
Z-discs. The thin filaments are attached to Z-discs, which separate the sarcomeres
from each other. The thin filament is composed of repeating actin molecules, Tn
complexes and TPM1 molecules. Tn complexes consist of TnT, Tnl and TnC. The
Tn complex works together with TPM1 during cardiac contraction. The thick
filament consists of myosin molecules, which are built upon two units of a- and §-
myosin heavy chain (x-MHC, 3-MHC) and four myosin light chain (MLC)
molecules. Among the other proteins of the thick filament, MYBPC plays the most
important role in the contraction. It contributes to actin-myosin interactions and
cross-bridge formation. (Lopes & Elliott, 2014; Sarantitis et al., 2012.)

When the Ca%* concentration in the cytosol increases, the Ca2* binds to TnC
leading to a conformational change in the Tn complex. This leads to TPM1 moving
from its inhibitory position, allowing the head region of the MHC to bind to actin,
forming a cross-bridge. Then, myosin hydrolyzes adenosine triphosphate (ATP),
causing the sliding of actin and myosin filaments and muscle contraction. In addition
to the structural proteins mentioned above, the sarcomere consists of many other
important proteins, which together form a stabilized and organized structure. (Bers,
2008; Sarantitis et al., 2012; Sequeira et al., 2014).
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Figure 5. Schematic presentation of the heart and the cardiac sarcomere. Z discs separate the
individual sarcomeres from each other. The 2.2-um long sarcomeres are lined up one after
another to form a myofibril. In the A band, thin and thick filaments are overlapping, while the
| band consists only of thin filaments, and the H zone consists only of thick filaments.
Adjacent thick filaments are connected in the M line. The MYBPC protein is located into the
C zone in the cardiac sarcomere. TPM1 is a coiled-coil protein located along the grooves of
actin filaments. (Sarantitis et al., 2012.) The figure is composed of images from the Servier
Medical Art image bank (www.servier.com/Powerpoint-image-bank) and review articles
(Harris et al., 2011; Lopes & Elliott, 2014).
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2.2.5 Early development of the heart

The heart is the first functional organ that develops during embryogenesis. It
develops from the mesoderm, although signals from adjacent cell populations,
especially from the endoderm, have a significant role in cardiogenesis. The entirety
of the development of the human heart is not yet fully understood; however, many
molecular events and factors taking part in the early stages of cardiomyogenesis have
been identified. The three main growth factor families thought to participate in early
mesodermal induction and cardiomyogenesis are the bone morphogenetic proteins
(BMPs) (subfamily in the TGFEp superfamily), the wingless/INT proteins (WNTSs)
and the fibroblast growth factors (FGFs). The expression of these factors or their
inhibitors in the adjacent endoderm occurs at different times, and their combination
eventually leads to the induction of the cardiac mesoderm. After receiving these
initial signals, development is directed to more specific and highly conserved
cardiogenesis. (Mummery et al., 2012; Rajala et al., 2011; Verma et al., 2013; Xin et
al., 2013.)

2.2.6  Invitro differentiation of cardiomyocytes

In vitro differentiation methods mimic the phases of heart development, from the
mesoderm to the cardiac mesoderm, cardiac progenitors and, finally, cardiomyocytes
(Mummery et al, 2012). The current model for the stages of the cardiac
differentiation of hPSCs and the most important transcription factors involved in
these events are presented in Figure 6.

Current cardiac differentiation methods are based on EB differentiation in
suspension, co-culturing the cells with END-2 cells or inducing cardiac
differentiation with different growth factors on a monolayer. The first hESC-derived
cardiomyocytes were isolated from spontaneously formed EBs (Itskovitz-Eldor et
al., 2000; Kehat et al., 2001). In more recent versions of EB differentiation protocols,
the aim has been to generate more uniformly-sized EBs, for example, via forced-
aggregation using centrifugation (Burridge et al., 2007) or by culturing hPSCs in
microwells coated with Matrige]™ prior to EB formation (Mohr et al., 2010). More
guided EB differentiation methods using different growth factors have also been
developed. Yang and co-workers were able to generate a population of cardiac
progenitor cells by inducing EB differentiation with Activin A, BMP4, bFGF,
vascular endothelial growth factor (VEGF) and Dickkopf homolog 1 (Dkk-1). After
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plating down the EBs, they were able to generate populations with greater than 50%
beating cardiomyocytes. (Yang et al., 2008.)

B BMP4, Activin A, BMP4, Activin A,
EMT transition FGF2, Wnt3a FGF2, Wnt3a
Embryonic
hoF;ST?/f Mesodgrm Precardiac Cardiac Cardigc cardio-
NANOG progenitor mesoderm mesoderm progenitor myocyte
SOX2 OCT3/4 BRACHYURY T CD MESP1 NKX2.5 NKX2.5
TRA-1-60 NCAM MIXL1 KDR GATA4 GATA4
SSEA-4 SSEA-1 PDGFRa DR SIRPA SIRPA
VCAM-1

Insulin

Figure 6. Model of different stages in cardiac differentiation. Transcription factors are presented in
cursive and cell surface markers in normal text. The first precardiac mesoderm cells express
the T-box factor Brachyury (BRACHYURY T) and the homeodomain protein MixI1 (MIXL1).
These cells subsequently activate the mesoderm posterior 1 protein (MESP-1), and the
cardiac mesoderm is formed. NK2 transcription factor-related gene, locus 5 (NKX2.5) and
GATA-binding protein 4 (GATA4) direct the development of embryonic cardiomyocytes.
Finally, NKX2.5, together with certain other growth factors, activates cardiac structural
genes, including actin, myosins and troponins. By activating and inhibiting signaling
pathways, hPSCs can be directed toward cardiac differentiation in vitro. The removal of
insulin enhances cardiac differentiation. Dickkopf homolog 1 (Dkk-1) can be used as a WNT
antagonist to inhibit the WNT-pathway. (Mummery et al., 2012). EMT = epithelial to
mesenchymal transformation.

In the END-2 differentiation method, the hPSCs are plated on top of mitotically
inactivated END-2 cells (Mummery et al., 2003; Passier et al., 2005). END-2 cells
are derived from mouse P19 embryonal carcinoma cells, and they provide cell-to-
cell contacts and produce factors that induce cardiac differentiation. Thus, medium
conditioned on END-2 cells has also been used in cardiac differentiation (Graichen
et al., 2008; Xu et al., 2008a).

Monolayer methods begin with the feeder cell-free culture of hPSCs. The
advantage of monolayer differentiation methods is that the cells are in uniform
monolayers and there are no diffusional barriers, which would prevent the function
of growth factors. Thus, differentiation should be easier to control and reproduce,
as in EB or in co-culture methods. (Mummery et al., 2012.) In the first monolayer
method published in 2007 by Laflamme and co-workers, cells were directed toward
cardiac differentiation by a combination of Activin A and BMP4 (Laflamme et al.,
2007). One of the mote recent methods, the so-called sandwich method, is based on
the combination of ECM with growth factor signaling (Zhang et al., 2012). Cells
were seeded on Matrigel™, and after reaching 90% confluence, Matrige]™ was
added on top of the cells. The sequential application of Activin A, BMP4 and bFGF
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on the matrix sandwich resulted in 40-90% pure cardiomyocyte populations (Zhang
et al., 2012).

As in the case of hPSC culture development, cardiac differentiation is also
moving toward easily scalable, chemically defined and xeno-free conditions. A group
of small molecules has been identified to replace the recombinant cytokines and
unknown factors in the serum to activate and inhibit the WNT and TGFj-signaling
pathways. Two recent publications are based on the sequential activation and
inhibition of the WNT signaling pathway. At first, the formation of the mesoderm
is induced using small molecules, such as CHIR99021 and BIO for WNT signaling
activation (Lian et al., 2012; Minami et al., 2012). After that, more specific cardiac
differentiation is induced by inhibiting the WNT signaling pathway using small
molecules, such as KY02111 and IWP2 (Lian et al., 2012; Minami et al., 2012).

In 2014, Burridge and co-workers published a chemically defined cardiac
differentiation method (Burridge et al., 2014). The medium consisted of Roswell
Park Memorial Institute (RPMI) basal medium supplemented with HSA and L-
ascorbic acid. Cardiac differentiation was further induced by the sequential activation
and inhibition of WNT signaling by CHIR99021 and WNT-C59, respectively. They
also tested various defined matrices (E-cadherin, vitronectin, vitronectin peptide,
laminin-521, laminin-511, fibronectin and fibronectin peptide) in combination with
differentiation medium. Laminins were the most promising, but because they are
extremely expensive for large-scale applications, vitronectin was selected for further
studies. The final protocol resulted in 80-90% pure cardiomyocyte populations for
the multiple hPSC lines tested (Burridge et al., 2014).

2.2.7  Selection and characterization of human pluripotent stem cell-derived
cardiomyocytes

Although the differentiation methods for hPSC-derived cardiomyocytes have
developed greatly, the efficiency of differentiation varies to a large degree when using
different methods and cell lines and none of the methods result in a homogenous
population of cardiomyocytes (Burridge et al., 2014; Mummery et al., 2012; Osafune
et al., 2008). Homogenous cell populations would be needed, for example, to obtain
reliable results from drug-screening assays (Mummery et al., 2012). Thus, there is a
need for purification of the cardiomyocyte population.

Manual dissection (Mummery et al., 2003) and Percoll gradient separation (Xu et
al., 2002) were the first published methods for cardiomyocyte purification. However,
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the yield of pure cardiomyocytes with these methods was quite low. There are a few
cell surfer markers that can be used for fluorescence activated cell sorting (FACS)-
based purification methods for cardiomyocytes. These markers include signal
regulatory protein alpha (SIRPA), which is expressed both in cardiac progenitor cells
and in hPSC-derived cardiomyocytes (Dubois et al., 2011), and vascular cell adhesion
molecule 1 (VCAMT1), which functions in leukocyte-endothelial cell adhesion but is
also expressed in hPSC-derived cardiomyocytes (Uosaki et al., 2011). However, the
most efficient purification methods are based on genetic selection. In these methods,
the hPSCs are genetically modified by adding a fluorescent reporter (Kolossov et al.,
2005) or an antibiotic resistance selection gene (Xu et al., 2008b) downstream of a
cardiac-specific promoter. After differentiation, the resulting cardiomyocytes can be
purified based on fluorescence or by adding a specific antibiotic.

hPSC-derived cardiomyocytes can be characterized by their functional, structural
and biochemical features. The most apparent characteristic of hPSC-derived
cardiomyocytes is their ability to contract spontaneously in culture (Kehat et al.,
2001; Mummery et al., 2003). Their functional characteristics can be further defined
by studying the electrical properties of hPSC-derived cardiomyocytes on a cell cluster
level using the MEA-platform approach or on the single-cell level using the patch
clamp-method. The expression of cardiac genes can be studied by RT-PCR and of
proteins by immunocytochemistry and western blotting. By immunolabeling the
sarcomeric proteins the organization of the internal structures can be studied. The
ultrastructural features of hPSC-derived cardiomyocytes can be studied in more
detail using electron microscopy (EM). (Mummery et al.,, 2012.) However, the
cardiomyocytes obtained from hPSCs still resemble more immature fetal

cardiomyocytes than mature adult cardiomyocytes (Yang et al., 2014).

2.3 Hypertrophic cardiomyopathy

Cardiomyopathies are diseases that affect the heart muscle and can lead to
progressive heart failure and cardiovascular death. Cardiomyopathies can either be
genetic or acquired, and they can be divided into groups based on their
morphological and functional characteristics. Cardiomyopathies include, among
others, HCM, dilated cardiomyopathy (DCM) and arrhythmogenic cardiomyopathy
(ARVC). (Elliott et al.,, 2008.) HCM is one of the most common genetic cardiac
diseases, with a worldwide prevalence of 1:500, and is the most common cause of
SCD among young competing athletes. HCM is inherited in an autosomal dominant
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pattern, and the mutations are mainly located in the sarcomeric proteins, which, as
discussed above, are responsible for the contraction and relaxation of the
cardiomyocyte. The clinical manifestation of the disease is extremely variable: it has
age-related penetrance, and the clinical symptoms can vary within the same family
having the same gene mutation. Together, these facts indicate that there might be
other factors in addition to the actual gene mutation, for example, epigenetic and
environmental factors, that determine the clinical outcomes of the disease. Although
a large number of mutations have now been identified and related to HCM, the
pathophysiological mechanisms of the disease are still largely unknown. (Maron et

al,, 2014.)

2.3.1  Disease and mutations

In HCM the cardiac muscle is thickened (= 15 mm) in the free wall of the left
ventricle or most commonly in the IVS separating the right and left ventricles. This
thickening, i.e., hypertrophy, can lead to outflow tract obstruction, which indicates
that the passage to the aorta from the left ventricle becomes narrow, disturbing the
blood flow. This narrowed outflow leads to progressive heart failure. Other severe
complications related to HCM include arrhythmias and SCD. However, most
individuals remain asymptomatic for their whole lives, and it has been estimated that
the actual prevalence of the disease might even be 1:200 in the general population.
(Maron et al., 2014.) Penetrance indicates the percentage of mutation carriers who
experience the phenotype of the disease. In HCM, the penetrance is highly variable:
it can be age-related or even incomplete and related to gender. (Ho et al., 2015.)
There is no specific cure for this disease, but all the complications related to HCM
can be treated individually. Patients are typically asymptomatic for a long time. Often
the first sign is diastolic heart failure, while systolic heart failure can develop later.
Treatments include beta-blockers and Ca2*-channel blockers for relieving symptoms
such as chest pain and shortness of breath and implantable cardioverter defibrillators
(ICDs) for those patients who survive cardiac arrest. The actual hypertrophy can be
treated by surgical myectomy, which indicates removing a small portion of the
thickened cardiac tissue; via ethanol ablation, in which a myocardial infarction is
induced in the septal area; or at the end-stage via heart transplantation. (Maron et al.,
2014.) One of the issues that clinicians face with HCM is how to treat patients who
carry the mutation leading to HCM but do not have clinical symptoms. Another
problematic group is young competing athletes who might have a risk of SCD during
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exercise. Histologically, HCM is characterized by myocyte hypertrophy (diameter >
40 um); disorganization of myocyte bundles, individual myocytes and sarcomeres;
and fibrosis of heart tissue. Nuclei are hyperchromatic (contain an abundance of
chromatin), pleomorphic (vary in size and shape) and often enlarged. (Kocovski &
Fernandes, 2015.)

The primary cause of HCM is a mutation in a sarcomeric gene, while changes in
Ca2* handling properties, energy deficiency, ion channel remodeling and
microvascular dysfunction are thought to be the eatliest pathophysiological
mechanisms that play a role in disease progression. Novel HCM treatment strategies
aim to prevent disease progression before irreversible changes in heart function
occur by targeting either the gene mutation itself, sarcomeric proteins or the early
mechanisms of the disease. (Tardiff et al., 2015.)

HCM is inherited in an autosomal dominant pattern and is caused by over 1400
mutations found in eleven or more genes coding primarily for sarcomeric proteins.
Approximately 70% of patients have a gene mutation either in the MYH7 or
MYBPC3 genes while mutations in other genes are far less common. (Maron et al.,
2014; Roma-Rodrigues & Fernandes, 2014.) More rare mutations are located in Z-
disc genes or calcium handling and regulation genes. Some of the most prevalent
sarcomeric genes associated with HCM are presented in Table 2.

Table 2.  Locations and frequencies of the most prevalent gene HCM mutations (Ho et al., 2015).

Protein Location or function in the cell Gene Frequency
B-myosin heavy chain sarcomere (thick filament) MYH7 20-30%
cardiac myosin-binding protein C sarcomere (thick filament) MYBPC3 30-40%
regulatory myosin light chain sarcomere (thick filament) MYL2 2-4%
essential myosin light chain sarcomere (thick filament) MYL3 1-2%
a-myosin heavy chain sarcomere (thick filament) MYH6 rare
cardiac troponin T sarcomere (thin filament) TNNT2 10%
cardiac troponin | sarcomere (thin filament) TNNI3 7%
o-tropomyosin sarcomere (thin filament) TPM1 <1%
a-cardiac actin sarcomere (thin filament) ACTC1 <1%
oa-actinin 2 sarcomere (Z-disc) ACTN2 <1%
phospholamban Ca?* handling gene PLN rare
calsequestrin Ca?* handling gene CASQ2 rare

One interesting feature of HCM mutations is that they are almost all identified only

in one or a few families (Ho et al., 2015). Normally, a patient carries one
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heterozygous mutation in a single allele. However, lately, double or even greater
numbers of mutations have been reported to be found in one patient, which might
affect the clinical variance related to the disease. (Ho et al., 2015; Maron et al., 2012.)
Most pathogenic mutations are missense mutations in which a single nucleotide is
changed, resulting in an amino acid substitution. Missense mutations are thought to
act in a dominant negative manner. Thus, the mutated protein is produced and
interferes with the normal function of the sarcomere. Nonsense mutations, in
contrast, lead to a premature stop codon and truncated proteins. These mutations
are thought to result in haploinsufficiency, in which the mutated protein is either
degraded or not produced at all. The majority of the gene mutations in MYBPC3 are
thought to act through this mechanism. (Ho et al., 2015; Lopes & Elliott, 2014.)

2.3.2  Finnish founder mutations for hypertrophic cardiomyopathy

Due to the historical isolation of Finland, the Finnish population descends primarily
from a small number of ancestors, and the genetic background for many inherited
diseases is very small. Three mutations have been found to account for
approximately 24% of Finnish HCM cases: MYBPC (MYBPC3-G/n1061X, 11.4%),
TPM1 (TPM1-Asp175Asn, 6.5%), and B-MHC (MYH7-Argl053Gln, 5.6%)
(Jadskeldinen et al., 2014, 2013). A gene mutation in MYH7 was found in 2014, but
the founder effect of the gene mutation has not been confirmed (Jddskeldinen et al.,
2014).

MYBPC3-Gin1061X and TPM1-Asp175Asn founder mutations, which are
studied in this thesis, are relatively uncommon in other countries besides Finland
(Jadskeldinen et al., 2013). MYBPC3-G/n1061X is a nonsense mutation leading to a
premature stop-codon and a truncated MYBPC protein lacking the binding sites for
both myosin and titin (Jddskeldinen et al., 2002). This mutation, similar to other
mutations in MYBPC3, is characterized by age-related penetrance and late onset of
the disease (Jddskeldinen et al., 2002; Maron et al., 2001; Niimura et al., 1998). TPM7-
Asp175Asn is a missense mutation that leads to the substitution of aspartic acid with
asparagine in codon 175 (Thierfelder et al., 1994). Originally, MYBPC3-Gin1061X
was associated with a clinically mild phenotype, and TPM7-Asp175Asn was
associated with a clinically intermediate phenotype with a substantial risk for SCD.
Additionally, patients with MYBPC3-Gin1061X were suggested to be more prone to
cardiac dilation and heart failure. (Jddskeldinen et al., 2004.) However, in the most

recent studies, all three mutations were associated with variable left ventricular
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hypertrophy, and no clear genotype-phenotype correlations could be verified in
clinical studies (Jadskeldinen et al., 2014, 2013).

2.3.3  Modeling hypertrophic cardiomyopathy in vitro

Different animal models have been used to study HCM 7z vitro. These animals
include cats, which have certain naturally occurring HCM mutations, and genetically
engineered mice, rats, rabbits and Drosophila. (Reviewd in Duncker et al., 2015.)
Additionally, HCM patient tissues obtained from myectomy samples have been
studied (Marston et al., 2009). I vitro models for studying mutations in genes coding
for the TPM1 and MYBPC proteins, more specifically MYBPC3-G/n1061X and
TPM1-Asp175Asn mutations, are presented below.

The MYBPC protein is 1274 amino acids long and 140.7 kDa in size. MYBPC is
incorporated into thick filament at its C-terminus through interactions with myosin
and titin. The N-terminal portion, in contrast, is thought to function in a regulatory
role for contraction, affecting cross-bridge cycling kinetics. The exact mechanism by
which MYBPC acts and binds to myosin and actin filaments is not yet fully known.
(Sequeira et al., 2014.) The MYBPC3-G/n1061X mutation is located in domain C8
(Figure 5). This mutation leads to a premature stop codon and thus a truncated
protein lacking both myosin and titin binding sites (Harris et al., 2011).

Given that the MYBPC3-G/n1061X mutation is very rare worldwide, no
functional studies with this particular mutation have been conducted. However,
similar nonsense mutations, leading to truncated MYBPC lacking both the myosin
and the titin binding sites, have been studied both in mouse models and in human
cardiac samples. The first transgenic mouse models showed that the protein is
translated but not correctly localized to the sarcomere. In addition, isolated fibers
exhibited reduced power output and increased Ca?* sensitivity, which indicates that
less Ca?* is needed for thin filament activation, and conversely, more Ca* must be
released before relaxation occurs. (Van Dijk et al., 2012; Yang et al., 1998.) However,
in later studies with a transgenic mouse model lacking only the myosin binding site,
only a low amount of truncated protein was found (Yang et al., 1999). In human
cardiac samples, the mechanical properties of the fibers were similar to those of
mouse fibers; however, truncated forms of the MYBPC protein were not detected
(Marston et al.,, 2009; Rottbauer et al., 1997; Van Dijk et al.,, 2009). Thus, it was
believed that the truncated protein is misfolded and degraded via the ubiquitin
proteasome system (UPS) (Van Dijk et al., 2012). This haploinsufficiency is thought
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to be unique for the truncating MYBPC mutations, while other HCM mutations
probably act as poison polypeptides, interfering with the normal function of the
sarcomere. Lower force-generating capacity and higher Ca2*-sensitivity, however, are
believed to be common features of HCM, despite mutation (Van Dijk et al., 2012).

TPM1 is a coiled-coil dimer that lies along the actin filament and participates in
the regulation of cardiac contraction as discussed above. TPM1 and the Tn complex
together form the principal mechanism by which contractility is regulated in
response to the Ca2?* concentration. The TPM71-Asp175Asn mutation is more
common than the MYBPC3-G/n1061X mutation and was one of the first HCM-
causing mutations found in the TPM7 gene (Thierfelder et al., 1994). Thus, it has
been studied more than the MYBPC3-G/n1061X mutation, including in transfected
cardiomyocytes, animal models, single fibers extracted from patient tissues or fibers
composed of recombinant proteins (Reviewed in Redwood & Robinson, 2013). The
TPMT1 gene is also expressed in skeletal muscle, which represents a more easily
obtained source of patient tissue. The expression of mutated and wildtype genes was
found to be equivalent in the skeletal muscles of two patients carrying the TPM7-
Asp175Asn mutation (Bottinelli et al., 1998). This mutation resides in the region that
contains TnT interaction sites (Jagatheesan et al., 2004) and is thought to act via a
dominant negative, poison polypeptide mechanism. Additionally, the TPM7-
Asp175Asn mutation has been linked to increased thin filament Ca2*-sensitivity. A
recombinant protein was used in this experiment (Bing et al., 2000). The results from
animal models have been controversial, and the TPM7-Asp175Asn mutation has
behaved differently in different species. For example, in TPM7-Asp175Asn rat
cardiac fibers, the Ca2* sensitivity was decreased (Wernicke et al., 2004), while in a
mouse model, increased Ca?* sensitivity was observed at a fiber level; furthermore,
on a tissue level, this mutation led to a moderate phenotype with mild ventricular
myocyte disorganization and hypertrophy (Muthuchamy et al, 1999). Human
skeletal muscle fibers with the TPM7-Asp175.Asn mutation, in contrast, demonstrate
the increased Ca2* sensitivity (Bottinelli et al., 1998).

One of the major difficulties in studying the pathophysiological mechanisms of
HCM has been the lack of tissue samples at early stages of disease development.
While animal models have provided valuable insight into disease mechanisms, they
contain only the mutated gene and not the rest of the genome, which might have
effects on disease phenotype and progression. Thus, given that they contain the
whole genomes of HCM patients, in addition to the fact that they are cell of human
origin, hiPSC-derived cardiomyocytes represent a valuable new tool for modeling
HCM in vitro.
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3  Aims of the study

The main aims of the present thesis were as follows:
I To compare the cardiac differentiation potential of hESC and hiPSC lines.
IT  To determine the optimal culture method for hPSCs, evaluated according to
their cardiac differentiation potential after long-term culture.
III To develop cell models for HCM from patient-specific hiPSCs.

The specific aims of the substudies were as follows:

The aim of the first study (I) was to compare the differentiation potential of hESC
and hiPSClines derived in two separate laboratories using different methods and cell
sources. hPSCs were differentiated toward endodermal hepatocyte-like cells, beating
cardiomyocytes (mesoderm), pigmented mature RPE cells (ectoderm) and active
neuronal networks forming neurons (ectoderm). Each differentiation protocol was
performed by researchers dedicated to that differentiation and this thesis focuses on
the cardiac differentiation.

The aim in the second study (II) was to optimize a cell culture method for the
undifferentiated hPSCs, evaluated according to their cardiac differentiation potential.
Feeder cell based methods were compared to one feeder cell -free culture method.
The efficiency of cardiac differentiation for each culture method was evaluated at
various timepoints during differentiation.

The aim of the third study (III) was to develop cell models for HCM using
patient-specific hiPSCs. The aim was to examine and compare both the
electrophysiological aandmorphological characteristics of patient-specific hiPSC-
derived cardiomyocytes with two different HCM mutations (MYBPC3-G/n1061 and
TPM1-Asp175Asn) that are predominant in Finland.
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4  Materials and methods

4.1 Ethical considerations

BioMediTech (formerly Regea) has approval from the National Authority for

Medicolegal Affairs, Finland to conduct research with human embryos
(1426/32/300/05), and permissions from Ethics Committee of Pirkanmaa Hospital
District to establish, culture and differentiate both hESC (R05116) and hiPSC
(R0O8070) lines. Skin biopsies for hiPSC establishment in study III were received
from the Heart Hospital, Tampere University Hospital and patients donating the

biopsies signed an informed consent form after receiving both an oral and written
description of the study. FES29, FiPS5-7 and A116 hPSC lines were generated at the
University of Helsinki with the permission of the Ethics Committee of the University

of Helsinki.

4.2 Human pluripotent stem cell lines (I-111)

All hPSC lines used in Studies I-IIT and their details are listed in Table 3.

Table 3. hPSC lines used in this thesis.
Cell line Origin Induction method Original culture method Publication
H7 embryo - MEF [0
UTA.00112.hFF foreskin fibroblast retrovirus MEF Il
UTA.04602.WT adult skin fibroblast retrovirus MEF Il
UTA.00525.LQT2 adult skin fibroblast retrovirus MEF Il
UTA.00106.hFF foreskin fibroblast retrovirus MEF Il
FES29 embryo - MEF |
Regea 08/023 embryo - hFF I
FiPS5-7 foreskin fibroblast retrovirus MEF |
A116 adult skin fibroblast retrovirus MEF |
UTA.01006.WT adult skin fibroblast retrovirus MEF |
UTA.04511.WT adult skin fibroblast Sendai virus MEF 11}
UTA.07801.HCMM adult skin fibroblast retrovirus (Cre-LoxP) MEF 11}
UTA.06108.HCMM adult skin fibroblast retrovirus (Cre-LoxP) MEF 11}
UTA.13602.HCMT adult skin fibroblast Sendai virus MEF 11}
UTA.02912. HCMT adult skin fibroblast Sendai virus MEF 11}

MEF mouse embryonic fibroblast; hFF human foreskin fibroblast; WT wildtype; LQT2 long QT syndrome type 2; HCMM
hypertrophic cardiomyopathy with MYBPC3-GIn1061X mutation; HCMT hypertrophic cardiomyopathy with TPM1-Asp175Asn

mutation
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43  Experimental design

43.1  Evaluating the efficiency of cardiac differentiation (1, Il)

The cardiac differentiation potentials of four hiPSC lines and three hESC lines were
evaluated in Study I. Each hPSC line was differentiated into cardiomyocytes 4-5
times in separate differentiation experiments. The effects of the culture method on
the differentiation potential of one hESC line and four hiPSC lines were evaluated
in Study II. Each hPSC line cultured with each culture method was differentiated
into cardiomyocytes 2-6 times in separate differentiation experiments. The
experimental design for the characterization and evaluation of cardiac differentiation
in END-2 co-cultures was similar in both studies (Figure 7). Briefly, cardiac
differentiation in END-2 co-cultures was characterized by studying the gene
expression of pluripotency genes and genes from different germ layers by
quantitative real-time PCR (qRT-PCR). Differentiation efficiency was evaluated by
quantitative immunocytochemical analysis of TnT-positive cells in cytospin samples
on day 20 and by counting the number of beating areas at the end of differentiation.
The experimental design is presented in Figure 7, and more detailed methods can be
found in the original publications.

Day 0: Initiation of cardiac differentiation in END-2 co-cultures

0 3 6 12-13 20 30 days

i | 1 1 1 |

RNA RNA RNA RNA cytospin RNA
beating areas
dissociation

Figure 7. Schematic presentation of the experimental design for characterizing and evaluating the
efficiency of cardiac differentiation.

43.2  Developing cell models for hypertrophic cardiomyopathy (l1l)

hiPSCs were derived from two patients carrying TPM7-Aps175Asn and from two
patients carrying the MYBPC3-G/n1061X mutation. hiPSCs derived from HCM
patients and control individuals were differentiated into cardiomyocytes via the
END-2 co-culture method. Morphological (cell size) and biochemical (gene and
protein expression), as well as functional (Ca?* imaging, patch clamp), properties of
the hiPSC-derived cardiomyocytes were studied, and the differences between TPM7-
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Asp175Asn, MYBPC3-GIn1061X and control cells were evaluated. To study the
effects of culture time on the properties of the cells, hiPSC-derived cardiomyocytes
were dissociated and cultured for 1, 3 and 6 weeks as single cells or small clusters
before analyzing the sizes of the cardiomyocytes.

43.3 Detailed experimental procedures
The methods used in this thesis are shown in Table 4. More details regarding the
experimental procedures can be found in the original publications and their

electronic supplements online.

Table 4. Methods used in this thesis and their original publications.

Method Original publication
In vitro culture of hPSCs

MEF + conventional hPSC culture medium L
SNL + conventional hPSC culture medium I
Matrigel™ + mTeSR™1 I
Generation of hiPSCs 1l
Cardiac differentiation of hPSCs L
Characterization of hPSCs
Karyotype analysis Il
Mutation analysis Il
Study of protein expression
Immunocytochemical staining I, 11
Flow cytometry I
Study of gene expression
RT-PCR 1l
gRT-PCR AL
Pluripotency analysis
in vitro EB assay I, 11
in vivo teratoma assay 11}
Characterization of hPSC-derived cardiomyocytes
Estimation of differentiation efficiency [l
Studying of protein expression
Immunocytochemical staining [0
Western blot 1l
Study of gene expression
gRT-PCR [l
Fluidigm qRT-PCR 1l
Functional analysis
Ca?* imaging Il
Patch clamp 11}
Statistical analysis L

hPSC human pluripotent stem cell; MEF mouse embryonic fibroblast; SNL feeder cells expressing neomycin-resistance and LIF
genes; hiPSC human induced pluripotent stem cell; EB embryoid body
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5 Results

5.1 Culture of human pluripotent stem cells (1)

In study II, one hESC line (H7) and four hiPSC lines (UTA.00112.hFF,
UTA.04602.WT, UTA.00525.LQT2 and UTA.00106.hFF) were cultured under
three different culture conditions, a MEF or SNL feeder cell layer combined with
conventional hPSC culture medium and a Matrigel™ attachment matrix combined
with mTeSR™1 culture medium, prior to cardiac differentiation in END-2 co-
cultures. All tested hPSC lines expressed markers typical of pluripotent hPSCs
(Nanog, OCT3/4, SSEA-4) after longterm culture (>14 passages, Figure 8, Study
1I). In addition, H7, UTA.00106.hFF and UTA.00525.1.QT2 cell lines formed EBs
expressing markers from all three germ layers (ectodermal paired box protein 6
(PAXG6) and SOXT, endodermal a-fetoprotein (AFP) and SOX77, mesodermal a-
cardiac actin (ACTCT) and kinase insert domain receptor (KDR)) (Study II).

However, the hPSCs cultured in mTeSR™]1 medium on the Matrige]™
attachment matrix had the propensity to form neural cells in culture. These cells were
further analyzed by immunocytochemical staining for microtubule-associated
protein 2 (MAP-2). The amount of MAP-2-expressing cells was more abundant in
the culture with the Matrige]™ attachment matrix combined with mTeSR™1
medium than on the MEF or SNL feeder cell layer combined with conventional
hPSC culture medium (Study II). Variation with this propensity between the
different hPSC lines was detected, and adaptation of the H7 and UTA.00112.hFF
hiPSC lines from the original MEF feeder cell layer culture to Matrigel™ was
hindered because of this phenomenon. Recently, similar problems have been
observed when adapting hiPSC lines from a MEF feeder cell layer to a Matrige]™
or Geltrex® attachment matrix in combination with mTeSR™1 medium
(unpublished results).

hPSCs cultured under different conditions were further characterized by flow
cytometry analysis of the pluripotency marker TRA-1-81 and polysialylated-neural
cell adhesion molecule (PSA-NCAM), which is mainly expressed in embryonic and
neonatal neural tissue. The amount of TRA-1-81-expressing hPSCs was higher in
MEF feeder cell layer cultures (86.53% % 2.23%, n = 16) than in SNL feeder cell
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layer cultures (60.53% % 3.53%, n = 20) or on Matrigel™ (59.54% =+ 3.09%, n = 15)
(Study II). Furthermore, the amount of PSA-NCAM-expressing hPSCs was higher
on Matrige]™ (11.61% =+ 3.67, n = 15) and SNL feeder cell layer cultures (10.95%
1+ 1.67,n = 20) than on MEF feeder cell layer cultures (2.51% % 0.36, n = 16) (Study

1I).

MEF SNL Matrige/™

Figure 8. The undifferentiated and pluripotent growth of hPSCs under different culture conditions.
Representative images of the UTA.00112.hFF (phase contrast microscope images) and H7
(immunofluorescence images) hPSC lines. Scale bars 200 um.

5.2  Differentiation potential of human pluripotent stem cells (I
and I1)

In study I, three hESC lines (H7, FES29 and Regea 08/023) and four hiPSC lines
(FiPS5-7, UTA.00112.hFF, A116 and UTA.01006.WT) were differentiated toward
endodermal hepatocytes and mesodermal cardiomyocytes as well as ectodermal
neural and RPE cells. The differentiation potential toward each lineage was evaluated
by researchers dedicated to their respective line of differentiation. The general
differentiation potentials of each individual hPSC line toward different lineages are
presented in Table 5. The results from the cardiac differentiation in Study I are
presented in more detail in Chapter 5.2.2.
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Table 5. Differentiation potential of individual hPSC lines toward derivatives from all three germ

layers.
hPSC line Endoderm Mesoderm Ectoderm
hepatocyte cardiomyocyte  neuronal RPE
H7 ++ +++ + +
FES29 ++ ++ ++ ++
Regea 08/023 +++ + . St
FiPS5-7 ++ + ++ +
UTA.00112.hFF +++ ++ + S
A116 ++ ++ +++ ++
UTA.01006.WT + + + ¥

5.2.1  Expression of transgenes in human induced pluripotent stem cell
lines (1)

The expression of the transgenes used in the hiPSC induction were studied by qRT-
PCR before and at the end of each differentiation (hepatocytes, cardiomyocytes,
neural and RPE cells) in Study 1. KLLF4 was constantly expressed before
differentiation in the UTA.01006.WT hiPSC line, which was inferior in
differentiating toward all cell lineages (Table 5). In all other hiPSC lines, transgenes
were completely silenced before the initiation of differentiation (Study I). All
transgenes were silenced at the end of differentiation toward most of the lineages,
including cardiomyocytes. However, the expression of exogenous OCT3/4 was
increased during long-term RPE differentiation of each hiPSC line (Study I).

5.2.2  Cardiac differentiation potential of individual human pluripotent stem
cell lines (1)

Three hESC lines (H7, FES29 and Regea 08/023) and four hiPSC lines (FiPS5-7,
UTA.00112.hFF, A116 and UTA.01006.WT) were differentiated into
cardiomyocytes using the END-2 co-culture method in Study I. All hPSC lines
differentiated into cardiomyocytes expressing a-actinin, TnT, connexin-43 and
MHC proteins, and their functionality was confirmed by MEA analysis (Study I).
The UTA.01006.WT cell line formed cystic structures, while the other hPSC lines
formed compact beating areas in END-2 co-culture.

The cardiac differentiation efficiency of individual hPSC lines was evaluated by
quantitative immunocytochemical analysis of TnT-positive cells in cytospin samples
and by counting the beating areas (Table 6). The efficiency varied between individual
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hPSC lines (Table 6) as well as between separate differentiation experiments with the
same hPSC line (data not shown). H7 was the most potent cell line, while FiPS5-7
and UTA.01006.WT were the weakest cell lines (Table 6). When grouping the hESC
and hiPSC cell lines, the amount of beating areas was significantly higher (p < 0.005)
for hESCs (approximately 6 beating areas/well, n = 187) than for hiPSCs
(approximately 2 beating areas/well, n = 263). The number of TnT-positive
cells/well analyzed by cytospin assay was in accordance with the number of beating
areas observed for all hPSC lines, except the H7 cell line, which produced beating
areas of small size (Table 0).

Table 6. Cardiac differentiation efficiency of individual hPSC lines (Study ).

Cell line Beating areas/well (n) TnT* cells/well (n)
(n of wells/n of experiments)  (n of samples/n of experiments)

H7 9.74 + 0.88 (78/5) 4761 + 1892 (4/2)
FES29 4.68 +0.89 (56/5) 7386 + 3331 (412)
Regea 08/023 1.06 + 0.25 (53/4) 1531 + 508 (4/2)
FiPS5-7 0.31%0.11 (54/4) 1818 + 785 (4/2)
UTA.00112.hFF 3.86 % 0.51 (66/5) 3453 £ 1711 (412)
A116 3.17 +0.68 (72/5) 5539 + 1675 (4/2)
UTA.01006.WT 0.32 0.16 (71/5) 416 + 251 (4/2)

5.2.3  Cardiac differentiation potential of human pluripotent stem cells
cultured under different conditions (I1)

In study II, one hESC line and four hiPSC lines cultured under three different culture
conditions were differentiated into cardiomyocytes using the END-2 co-culture
method. The hPSCs cultured on SNL feeder cell layers formed irregular, cystic
structures on top of the END-2 cells, while the hPSCs cultured on MEF feeder cell
layers or Matrigel™ formed more uniform structures. Occasionally, MAP-2-
expressing neural cells and bundles of nerve fibers were detected in END-2 co-
cultures of hPSCs cultured on Matrigel™ prior to differentiation (Study II).
Cardiomyocytes derived from all hPSC lines cultured under all three culture
methods expressed a-actinin, Tn'T, connexin-43 and MHC proteins (Study II). The
differentiation efficiency of hPSC lines cultured under different conditions was
evaluated by quantitative immunocytochemical analysis of TnT-positive cells in
cytospin samples and by counting the beating areas (Table 7). As in study I,
considerable variation among the different hPSC lines was observed in Study II. The
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H?7 cell line produced the highest number of beating areas (9.42) when cultured on
MEF feeder cell layers prior to differentiation, and this amount was similar to that
in study I (9.74), whereas UTA.00112.hFF behaved differently in study II than in
study I, producing 0.35 beating areas/well in study II when cultured on MEF feeder
cell layers prior to differentiation and 3.86 beating areas/well in study I.

Table 7.  Differentiation efficiency of hPSC lines cultured under different culture conditions. The
optimal culture conditions for each cell line are bolded (* represents MEF or SNL vs.
Matrigel, ¢ represents SNL vs. MEF, ** or $p < 0.005, * p < 0.05).

Beating areas/well TnT* cells/well

Cell line Culture method
(n of wells/n of experiments)  (n of samples/n of experiments)

H7 MEF 9.42 + 1.56 (105/6)** 3503 + 859 (8/4)
H7 SNL 7.46 + 0.87(67/5)™ 3720 + 835 (8/4)
H7 Matrigel™ 1.36 + 0.23 (89/5) 1913 + 552 (8/4)
UTA.00525.LQT2  MEF 1.31 £ 0.34 (36/3)* 928 + 313 (2/1)
UTA.00525.LQT2  SNL 0.61£0.30 (18/2) 109 £ 109 (2/1)
UTA.00525.LQT2  Matrigel™ 0.23 £0.11 (30/2) 111 +£28 (2/1)
UTA.00106.hFF MEF 1.13 £ 0.21 (40/3) 3153 + 1300 (2/1)
UTA.00106.hFF SNL 13.04 £ 2.00 (25/2)**8 5348 + 1832 (2/1)
UTA.00106.hFF Matrigel™ 0.87 £0.18 (31/2) 853 + 80 (2/1)
UTA.00112.hFF MEF 0.35+0.12 (48/3) 4274 + 1021 (6/3)
UTA.00112.hFF SNL 0.55 £ 0.17 (42/3) 2265 + 725 (6/3)
UTA.00112.hFF Matrigel™ 0.30 £ 0.08 (54/3) 2013 + 389 (6/3)
UTA.04602.WT MEF 0.37 £0.10 (51/3)* 3010 + 1003 (6/3)
UTA.04602.WT SNL 0.70 £ 0.32 (46/3) 1785 + 603 (6/3)
UTA.04602.WT Matrigel™ 1.22 + 0.32 (45/3) 1722 + 666 (6/3)

Three cell lines produced the highest numbers of beating areas when cultured on
feeder cell layer prior to differentiation: H7 and UTA.0052.LQT2 cell lines when
cultured on MEF feeder cell layers and UTA.00106.hFF when cultured on SNL
feeder cell layers (Table 7). For the H7 cell line, the number of beating areas was
significantly higher on MEF and SNL feeder cell layers compared to Matrigel™
attachment matrix (p < 0.005 in both cases, Table 6). The UTA.00525.LQT2 cell
line had a significantly higher amount of beating areas when cultured on MEF feeder
cell layers than on Matrigel™ (p < 0.05, Table 7). For the UTA.00106.hFF cell line,
the number of beating areas was significantly higher when cultured on SNL than on
MEF feeder cell layers or on Matrigel™ (p < 0.005 in both cases, Table 7). The
UTA.04602.WT cell line was an exception and produced the highest number of
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beating areas when cultured on Matrigel™; this number was significantly higher than
when cultured on MEF feeder cell layers (p < 0.05, Table 7). The overall
differentiation efficiency of the UTA.00112.hFF cell line was poor, and the amount
of beating areas was low under all culture conditions (Table 7). When considering all
hPSC lines under different conditions, the number of beating areas was significantly
higher on MEF (p < 0.05) and SNL (p < 0.05) feeder cell layers compared to
Matrigel™ (Study II). The number of TnT-positive cells for each hPSC line cultured
under different conditions was consistent with the amount of beating areas (Table

7).

5.3  Gene expression profiles during END-2 co-culture (I, Il)

Cardiac differentiation in END-2 co-cultures was characterized by studying the gene
expression of pluripotency markers, as well as markers from different germ layers,
on days 0, 3, 6, 12-13 and 30 by qRT-PCR in Studies I and II.

5.3.1  Gene expression profiles in END-2 co-cultures for human embryonic
stem cells and human induced pluripotent stem cells (1)

The gene expression profiles of NANOG, OCT3/4, BRACHYURY T, NK2
transcription factor related gene, locus 5 (INKX2.5) and SOX77 in END-2 co-
cultures were examined for three hESC (H7, FES29 and Regea 08/023) and four
hiPSC (FiPS5-7, UTA.00112.hFF, A116 and UTA.01006.WT) lines in Study L
Samples were collected in two different passages for each hPSC line. The expression
of the pluripotency factors NANOG (Study I) and OCT3/4 (Figure 9A) was highest
on day 0 and decreased during END-2 co-culture for both hESC and hiPSC lines.
The expression of mesodermal BRACHYURY T was highest on day 3 in hESC lines
and on day 6 in hiPSC lines (Figure 9B), which produced smaller numbers of beating
areas/well than the hESC lines (Table 6). Conversely, the expression of endodermal
SOXT7 was highest on day 3 for both hPSC types (Study I). On day 6, the expression
of BRACHYURY T was almost two times higher in hiPSC lines compared to hESC
lines (p < 0.005, Figure 9B). The expression of mesodermal NKX2.5 increased
evenly during END-2 co-culture in the hESC and hiPSC lines (Study I).
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Figure 9. The expression profiles of OCT3/4 (A) and BRACHYURY T (B) during END-2 co-culture for
hESC and hiPSC lines. The standard error of the mean (SEM) is presented as error bars.
The expression of genes was compared between hESC and hiPSC lines at each timepoint
(* p < 0.005, n = 18 for all hESC columns, except the d30 timepoint (n = 9); n = 24 for all
hiPSC columns, except in d30 timepoint (n =12)).

5.3.2  Gene expression profiles for END-2 co-cultures of human pluripotent
stem cells cultured under different conditions (I1)

The expression profiles of pluripotency factor OCT3/4, endodermal SOX77,
mesodermal BRACHYURY T and NKX2.5, as well as ectodermal PAXG6,
MUSASHI and Neurofilament 68 (INF-68), were studied in END-2 co-cultures with
the H7, UTA.00112.hFF and UTA.04602.WT cell lines in Study II. Samples were
collected from two different passages for each of the three hPSClines cultured under
all three culture conditions. The expression of OCT3/4 was 2.5 times higher on
Matrige]™ than on MEF (p < 0.005) or SNL (p < 0.05) feeder cell layer on day 0
(Figure 10A). During differentiation, the expression of OCT3/4 decreased in all
hPSC lines cultured under all three culture methods. However, the expression of
OCT3/4 endured longer on Matrigel™ and was slightly but significantly higher than
on MEF (p < 0.005) or SNL (p < 0.05) feeder cell layers on day 3 and MEF feeder
cell layers (p < 0.05) on day 6 (Figure 10A).

The peak in BRACHYURY T expression was observed on day 3 with END-2
co-cultures originating from MEF and SNL feeder cell layers, while the peak was
detected on day 6 on Matrigel™, in which the overall cardiac differentiation potential
was lower than on MEF and SNL feeder cell layers (Figure 10B, Table 7). The
highest BRACHYURY T expression was detected in END-2 co-cultures from MEF
feeder cell layers on day 3, and the expression was approximately two times higher
than on Matrigel (p < 0.005) and 1.5 times higher than on SNL feeder cell layers (p
< 0.005, Figure 10B). On day 6, the expression of BRACHYURY T was
approximately 1.3 times higher on Matrigel™ than on MEF or SNL feeder cell layers
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(p < 0.05 in both cases, Figure 10B). The expression of SOX77 followed the same
pattern as the expression of BRACHYURY T (Study II). Moreover, the expression
of NKX2.5 varied between different timepoints and culture conditions, being the
highest on MEF feeder cell layers on day 30 (Study II).

The expression of PAXG6 increased in END-2 co-cultures originating from all
three culture methods. However, on day 3, 6, 12 and 30 the expression was higher
on Matrigel™ than on MEF or SNL feeder cell layers (Figure 10C). On day 30, the
expression was approximately 6 times higher on Matrige]™ than on MEF or SNL
feeder celllayers (p < 0.005 in both cases, Figure 10C). The expression of MUSASHI
remained quite stable during END-2 co-culture under all three culture conditions.
However, its expression was higher on Matrigel™ than on MEF and SNL feeder
cell layer at all timepoints (Study II). Furthermore, the expression of NF-68 remained
stable in END-2 co-cultures originating from MEF or SNL feeder cell layers, but
the expression increased steadily on Matrigel™ (Figure 10D). Finally, on day 30, the
expression was over four times higher on Matrigel™ than on MEF or SNL feeder
cell layers (p < 0.005 in both cases, Figure 10D).
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Figure 10. Gene expression profiles of OCT3/4 (A), BRACHYURY T (B), PAX6 (C) and NF-68 (D) in
END-2 co-cultures for hPSCs cultured under different culture conditions. The SEM is
presented as error bars. The expression was compared between hPSCs cultured under

different culture conditions at each timepoint (* p < 0.05, ** p < 0.005, n = 17-18 for OCT3/4,
n = 17-18 for BRACHYURY T, n = 15-18 for PAX6, n = 17-18 for NF-68 in each column).
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54  Developing cell models for hypertrophic cardiomyopathy (l1l)

5.4.1  Characteristics of hypertrophic cardiomyopathy patients (lIl)

hiPSC lines were derived from two healthy volunteers and four individuals carrying
the Finnish founder mutations in the TPM7 or MYBPC3 gene. Two hiPSC lines
from patients carrying the TPM7-Asp175Asn mutation and two from patients
carrying the MYBP3-G/n1061X mutation were analyzed. hiPSC lines, mutations and
data on the tissue donors (clinical symptoms and treatments, SCDs in the family) are
presented in Table 8. Additionally, two hiPSC lines from healthy control individuals
are described in Table 8.

Table 8.  hiPSC lines, mutations and details of the individuals from which they are derived.

Cell line Mutation Sex Age (:1‘1’:1) Other symptoms SCDs in family Treatment
UTA.04602.WT - Foss - _ - -
UTA.04511.WT - Moo - _ - _

collapsed when 20 years old

UTA.13602.HCMT TPM1-Asp175Asn F 48 16 mother at age of 51 none
(normal heart structure)
UTA.02912.HCMT TPM1-Asp175Asn M 33 26 asymptomatic one member at age of 21 B-blocker
UTA.OB108.HCMM  MYBPC3-GIn1061X M 55 22 asymptomatic father at age of 36 none
uncle at age of 38
UTA.07801.HCMM  MYBPC3-GIn1061X M 61 25 atrial fibrillation none B-bll(o:gker,

IVS interventricular septum; SCD sudden cardiac death; F female; M male; ICD implantable cardioverter defibrillator

5.4.2  Human pluripotent stem cells derived from hypertrophic
cardiomyopathy patients (lll)

All hiPSCs, derived both from healthy control individuals and from HCM patients,
formed colonies expressing proteins (Nanog, OCT3/4, SOX2, TRA-1-60 and TRA-
1-80) and genes (NANOG, OCT3/4, REX1, SOX2 and C-MYC) typical of hPSCs.
The viral exogenous genes used in reprogramming were silenced, and karyotypes
were normal. The pluripotency of the hiPSC lines was studied 7z vitro by EB
formation and 7z vive by teratoma assay (Figure 11). The presence of the TPM7-
Asp175Asn or MYBP3-Gin1061X mutation in hiPSCs was studied by custom
TagMan SNP Genotyping Assays (Study I1I).
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Figure 11. Characterization of hiPSC lines. hiPSC colonies expressed the OCT3/4 (A) and TRA-1-60
(B) proteins, and the karyotypes of tthe hiPSC lines were normal (C). The virally transferred
exogenes OCT3/4 (483 bp), KLF4 (410 bp), SOX2 (451 bp) and C-MYC (352 bp) were
silenced (D), and hiPSCs formed tissue types from all three germ layers in vivo (E).
Representative images from the UTA.07801.HCMM and UTA.13602.HCMT cell lines. Scale
bars 200 pm.

54.3  Size of human induced pluripotent stem cell-derived cardiomyocytes

(In)

All four HCM hiPSC lines and two hiPSC lines derived from healthy control
individuals were differentiated into cardiomyocytes in END-2 co-cultures. The
beating aggregates were dissociated into single cells or small clusters and cultured for
1, 3 and 6 weeks. After culturing, differences between the cell sizes of hiPSC-derived
control cardiomyocytes and cardiomyocytes carrying the TPM7-Asp175Asn or
MYBP3-G/n1061X mutations were analyzed.

The hiPSC-derived cardiomyocytes carrying the MYBPC3-G/n1061X mutation
(HCMM) were significantly larger than cardiomyocytes carrying the TPM7-
Asp175Asn mutation (HCMT) and hiPSC-derived control cardiomyocytes (WT) at
all three timepoints (Figure 12A, p < 0.005 in all cases). The enlargement of
cardiomyocytes carrying the TPM7-Asp175Asn mutation (HCMT) was observed
after 3 weeks of culture at which point the cardiomyocytes were significantly larger
(Figure 12A, p < 0.005) than the hiPSC-derived control cardiomyocytes.

The proportion of multinucleated cells was higher in cardiomyocytes carrying
cither of the two HCM mutations than in control cardiomyocytes. However, the
proportion of multinucleated cardiomyocytes was significantly higher in hiPSC-
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derived cardiomyocytes with the TPM7-Asp175Asn (HCMT) mutation compared to
those with the MYBPC3-G/n1061X mutation (HCMM) or hiPSC-derived control
cardiomyocytes (WT) (Figure 12B).

A

Proportion of multinucleated hiPSC-derived
cardiomyocytes

x4 * *

40% |

Size of the hiPSC-derived cardiomyocytes B

30%

20% J

10%

WT HCMT HCMM

Figure 12. Mutation-specific differences between hiPSC-derived cardiomyocytes. A) Size of hiPSC-
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derived WT, HCMT and HCMM cardiomyocytes were compared at each timepoint
separately (n = 100 in each column, except for HCMT 6w, for which n = 96, 8 p < 0.005
compared to WT and HCMT cells at the 1-week timepoint, ** p < 0.005 compared to WT
and HCMT cells at the 3-week timepoint, ## p < 0.005 compared to WT and HCMT cells at
the 6-week timepoint, & p < 0.005 compared to WT at the 3-week timepoint). B) Proportion
of multinucleated cardiomyocytes in the WT, HCMT and HCMM groups (n = 6 in each
column, * p < 0.05).

Ca?* handling properties of human induced pluripotent stem cell-
derived cardiomyocytes (I1l)

The Ca2* handling properties of hiPSC-derived cardiomyocytes were studied via

Ca2* imaging. The percentages for each cell line were determined from hiPSC-

derived cardiomyocytes cultured for 1, 3 and 6 weeks. For statistical analysis, the

results were grouped as WT, HCMT and HCMM cardiomyocytes. Representative

images of normal and abnormal Ca2+ transients are presented in Figure 13A. hiPSC-
derived cardiomyocytes with the TPM7-Asp175Asn (HCMT) mutation had
significantly more abnormalities compared to cardiomyocytes with the MYBPC3-
Gn1061X mutation (HCMM) or hiPSC-derived control cardiomyocytes (WT)
(Figure 13B, p < 0.05 in both cases).
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Figure 13. A) Representative images of normal and abnormal Ca2* cycling observed in Ca2+ imaging
experiments. B) The proportion of hiPSC-derived cardiomyocytes with abnormal Ca2*
transients in the WT, HCMT and HCMM groups (n = 6 in each column, * p < 0.05).

54.5 Electrophysiological properties of human induced pluripotent stem
cell -derived cardiomyocytes (1ll)

The electrophysiological properties of hiPSC-derived cardiomyocytes carrying the
MYBPC3-Gin1061X (HCMM) or TPM1-Asp175Asn (HCMT) mutation were studied
in single-cell patch clamp experiments (Study III). Compared to control hiPSC-
derived cardiomyocytes (WT), the amounts of cardiomyocytes with arrhythmic
events were higher for both mutations (Figure 14A). In addition, the DAD rate was
almost six times higher in hiPSC-derived cardiomyocytes carrying the MYBPC3-
G/n1061X mutation (HCMM) than in control cardiomyocytes (WT) (p < 0.005,
Figure 14B). Similarly, the DAD rate in hiPSC-derived cardiomyocytes carrying the
TPM1-Asp175Asn mutation was almost three times higher than in hiPSC-derived
control cardiomyocytes (WT), but the difference was not statistically significant
(Figure 14B).

The beating rates of HCM hiPSC-derived cardiomyocytes were significantly
lower than those of hiPSC-derived control cardiomyocytes (p < 0.005 in both cases,
Table 8). In addition, the average action potential duration (APD) at 90%
repolarization (APDygg) was significantly longer in HCM hiPSC-derived
cardiomyocytes (p < 0.005 in both cases, Table 9). Furthermore, the APD9y was
significantly longer in hiPSC-derived cardiomyocytes carrying the TPM1-Asp175.Asn
mutation than in cardiomyocytes carrying the MYBPC3-G/n1061X mutation (p <
0.05, Table 9).
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Figure 14. Electrophysiological properties of hiPSC-derived cardiomyocytes. A) The proportion of
hiPSC-derived cardiomyocytes exhibiting arrhythmic events (EADs and DADs) for each
hiPSC line. B) DAD rates for hiPSC-derived control cardiomyocytes (WT) and for
cardiomyocytes carrying the TPM1-Asp715Asn (HCMT) or MYBPC3-GIn1061X (HCMM)
mutation (** p < 0.005).

Table 9.  Properties of action potentials for cardiomyocytes derived from control cardiomyocytes
(WT) and cardiomyocytes carrying the TPM1-Asp175Asn (HCMT) or MYBPC3-GIn1061X
(HCMM) mutation (* represents HCMT or HCMM vs. WT, §$ represents HCMT vs. HCMM,
**p<0.005, *or $ p<0.05).

Cell I|r.1e 0 Beating rate ADPa;
(baselines) (BPM)

WT 43 58.1+£23 3236 +£13.9
HCMT 71 484 £ 1.5 4331+ 14,03
HCMM 54 47.1+£1.8" 377.6 £15.0%

5.4.6  The expression of sarcomeric proteins in human induced pluripotent
stem cell-derived cardiomyocytes (lIl)

All hiPSC-derived cardiomyocytes in Study III expressed the TnT, MYBPC and
TPM1 proteins (Figure 15). The amounts of MYBPC, TnT and TPM1 proteins were
determined by western blot analysis of each cell line in one differentiation
experiment (Figure 15B-F). Due to a lack of replicates, statistical analysis was not
performed. The truncated MYBPC protein (predicted size of 117 kDa) was not
detected in hiPSC-derived cardiomyocytes with the MYBPC3-G/n1061X mutation
(Figure 15C). However, the amount of MYBPC protein was slightly reduced in
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hiPSC-derived cardiomyocytes carrying the MYBPC3-G/n1061X mutation (Figure
14D). The amounts of both TnT (Figure 15E) and TPM1 (Figure 15F) were elevated
in hiPSC-derived cardiomyocytes carrying the TPM71-Asp175Asn or MYBPC3-
G/n1061X mutation.
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Figure 15. The expression of MYBPC, TnT and TPM1 in hiPSC-derived cardiomyocytes. A) hiPSC-
derived control cardiomyocytes and cardiomyocytes carrying the MYBPC3-GIn1061X
(HCMM) and TPM1-Asp175Asn (HCMT) mutations expressed TnT and MYBPC proteins
according to immunocytochemical stainings. B-F) The expression of TnT, TPM1 and
MYBPC was studied by western blot analysis. B-actin was used as a loading control. C)
Expression of MYBPC in WT, HCMT and HCMM cardiomyocytes. The size of wildtype
MYBPC was 141 kDa and the predicted size of truncated MYBPC was 117 kDa. Quantitative
analysis of the expression of MYBPC (D), TnT (E) and TPM1 (F) by western blot analysis.
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6 Discussion

The first two aims of this thesis were to compare the cardiac differentiation
efficiencies of various hESC and hiPSC lines and to evaluate the effects of hPSC
culture methods on the cardiac differentiation efficiencies of hPSCs. Not only were
there differences between hESC and hiPSC differentiation potentials, but differences
between individual experiments were also observed. Culture conditions had marked
effects on the cardiac differentiation potentials of hPSCs, revealing the superiority
of the mouse feeder cell layer-based methods over the tested feeder cell-free culture
method. The third aim of this thesis was to develop cell models for studying HCM
in vitro using patient-specific hiPSCs. hiPSC-derived HCM cardiomyocytes exhibited
the HCM phenotype, at the same time revealing significant differences between
cardiomyocytes carrying the MYBPC3-Gln1061X or TPM1-Asp175.Asn mutation.

6.1 Differentiation potential between distinct human pluripotent
stem cell lines (1)

The aim of the first study was to evaluate the differentiation potential of hESC and
hiPSC lines into cell types derived from all three germ layers. hPSCs were
differentiated into endodermal hepatocytes, mesodermal cardiomyocytes and
ectodermal neural and RPE cells by researchers dedicated to their specific lineages
of differentiation. This thesis concentrates on the cardiac differentiation potential of
hPSCs. We found a marked variation in the cardiac differentiation potential of
individual hPSC lines when using the END-2 co-culture method for differentiation.
Further, the overall cardiac differentiation potential, evaluated by determining the
number of beating aggregates and TnT positive cells, was higher in hESC than in
hiPSC lines. Additionally, the highest peak of BRACHYURY T expression in END-
2 co-cultures was detected on day 3 in hESC lines, while in hiPSC lines, the highest
expression peak was shifted to day 6. The highest peak of BRACHYURY T
expression in END-2 co-culture was normally detected on day 3 (Beqqali et al.,
20006), while delayed BRACHYURY T expression has previously been associated
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with poor cardiac differentiation efficiency (Bettiol et al., 2007; Pekkanen-Mattila et
al., 2012).

Large variations in cardiomyocyte yield for the same method have also been
observed in previous studies (Burridge et al., 2007; Osafune et al., 2008; Pekkanen-
Mattila et al., 2009). In addition to the normal variation observed between hPSC
lines, reprogramming can induce genomic changes, such as copy number variations
(CNV) in hiPSCs (Hussein et al., 2011; Lund et al., 2012b). However, variations in
the amounts of karyotypical abnormalities between integrating and non-integrating
hiPSC reprogramming methods have not been detected (Taapken et al., 2011).
Similar to every human, each hPSC line has a unique genotype and thus unique
characteristics. It is therefore likely that individual cell lines endogenously produce
different levels of growth factors and thus require different concentrations of
external growth factors, including Activin A and BMP4, for optimal cardiac
differentiation (Kattman et al., 2011). Therefore, in our study, the variations between
the individual differentiation experiments for the same line might at least partially be
explained by the rather spontaneous nature of the END-2 differentiation method,
in which certain amounts of specific growth factors or small molecules are not used
to induce cardiac differentiation.

Interestingly, one of the hiPSC lines was inferior in terms of differentiation
toward all cell lineages, and KILF4 was found to be incompletely silenced in this
hiPSC line. This might partially explain the differences observed in the cardiac
differentiation potential between hESC and hiPSC lines, as only four hiPSC lines
were used in the study. Moreover, the expression of exogenous OCT3/4 was
increased during the long RPE differentiation protocol in each hiPSC line, suggesting
a reactivation of retrovirally transferred genes during the long differentiation
protocol, which lasted almost three months. This phenomenon was not detected
with shorter differentiation protocols toward other lineages nor in one cell line
produced with non-integrating Sendai virus. We hypothesized that the integrating
hiPSC induction methods might be associated with the reactivation of transgenes,
which could affect the differentiation potential of hiPSCs. Recently, the removal of
integrated reprogramming factors has been found to improve the cardiogenesis of
hiPSCs (Martinez-Fernandez et al., 2014). Together these data suggest that non-
integrating or excisable vectors should be preferred in future studies.
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6.2  Effects of culture conditions (Il, ll)

6.2.1  Effects of culture conditions on the cardiac differentiation potential of
human pluripotent stem cells (l)

The second aim of this thesis was to optimize the culture method for hPSC lines, as
determined by evaluating the cardiac differentiation of hPSCs. We discovered that
culture conditions have a significant effect on the cardiac differentiation potential of
hPSCs. hPSCs cultured on MEF or SNL mouse feeder cell layers in conventional
hPSC culture medium produced more cardiomyocytes in END-2 co-cultures than
hPSCs cultured on Matrige]™ in mTeSR™1 medium. Moreover, hPSCs cultured
with the feeder cell-free method were more prone toward differentiating into neural
cells. Thus, from among the hPSC culture methods studied here, the mouse feeder
cell layers were found to be optimal for our purposes.

Previously, we have shown that hPSCs cultured on MEF feeder cell layers are
more prone to differentiating into cardiomyocytes than hPSCs cultured on hFF
feeder cell layers (Pekkanen-Mattila et al., 2012). Recently, consistent with our
results, others have also demonstrated the enhancement of ectodermal and neural
cell differentiation capacity in feeder cell-free cultures. In a recent report by
Garitaonandia et al., the amount of ectodermal cells was significantly higher in
teratomas derived from hPSCs cultured on a Geltrex® matrix in StemPro medium
(27%) than in hPSCs cultured on MEF feeder cell layers (13%) (Garitaonandia et al.,
2015). In another report, Lee et al. demonstrated the enhancement of neural
differentiation at the expense of mesodermal hematopoietic differentiation when
hESCs were cultured in mTeSR™1 medium on Matrigel™ (Lee et al., 2015). They
cultured hESCs on Matrige]™ either in MEF-CM or mTeSR™1 medium. However,
the effects appeared to be reversible, and when hESCs were transferred back to
MEF-CM, the hematopoietic differentiation potential was retained. Interestingly, an
optimal yield of hematopoietic cells was achieved after switching back to MEF-CM
from mTeSR™1. (Lee et al., 2015.)

Although genetic alterations were not studied in this thesis, it is be important to
consider the possible effects of culture conditions on the genetic and epigenetic
properties of hPSCs when optimizing the best culture method. The results from
studies investigating the effects of culture conditions on the genetic and epigenetic
stability of hPSCs are quite controversial. Initial studies involving the long-term 7

vitro culture of hPSCs and enzymatic passaging have shown an increased
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susceptibility to genetic and epigenetic alterations (Allegrucci et al., 2007; Mitalipova
et al., 2005). However, in more recent and comprehensive reports studying various
hESC and hiPSC lines from several laboratories, the culture method or passaging
method has not been associated with the levels of abnormalities (Laurent etal., 2011;
Taapken et al., 2011). Recently, Garitaonandia and co-workers cultured both hiPSCs
and hESCs on MEF feeder cell layers in conventional hPSC culture medium or on
Geltrex® matrix in StemPro medium (Garitaonandia et al., 2015). They compared
both the genetic and epigenetic changes in hPSCs cultured on MEF feeder cell layers
or on Geltrex® when the hPSCs were passaged either manually or enzymatically
using the accutase enzyme. Inconsistent with their previous results (Laurent et al.,
2011), the use of a feeder cell-free culture method, as well as the enzymatic passaging,
resulted in increased genetic and epigenetic instability. (Garitaonandia et al., 2015.)
This was explained by the differences in the design of the two studies. While the first
study concentrated on the differences between the hESC lines established and
cultured via different methods around the world, the second study concentrated on
studying the differences between passages. Therefore, culture conditions might
indeed have an effect on the differentiation potential of hPSCs, although the
inhibitory effects might be reversible. However, more comprehensive studies are
necessary to discover the actual cellular mechanisms that are affected.

6.2.2  Effects of culture conditions on the phenotype of human pluripotent
stem cell-derived cardiomyocytes (lll)

The third aim of this thesis was to develop cell models for HCM using hiPSC-derived
cardiomyocytes carrying either the MYBPC3-G/n1061X or TMP1-Aspl75Asn
mutation. In our study, the size of the hiPSC-derived cardiomyocytes with the
MYBPC3-Gin1061X mutation was significantly larger than that of hiPSC-derived
cardiomyocytes with TPM7-Asp175.Asn or hiPSC-derived control cardiomyocytes.
Furthermore, the cellular enlargement of cardiomyocytes was increased during the
long-term culture of cells at the single-cell level, which appeared to stimulate cell
growth. Recently, serum has been found to mask the hypertrophic phenotype of
hiPSC-derived cardiomyocytes with the MYBPC3 mutation (Dambrot et al., 2014).
Serum was found to increase the cell size of neonatal rat cardiomyocytes as well as
cardiomyocytes derived from hESCs and control hiPSCs. However, the size of the
hiPSC-derived cardiomyocytes with the MYBPC3 mutation was smaller than that of
hiPSC-derived control cardiomyocytes in the presence of serum. Under serum-free
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conditions, hiPSC-derived cardiomyocytes with the MYBPC3 mutation were
significantly larger than hiPSC-derived control cardiomyocytes. (Dambrot et al.,
2014.) In our study, our cardiomyocytes carrying the MYBPC3-G/n1067X mutation
were enlarged, despite the 20% FBS used in the culture medium. Thus, we could not
confirm the inhibitory effects of FBS on the enlargement of hiPSC-derived HCM
cardiomyocytes.

Furthermore, hPSC-derived cardiomyocytes have been shown to more closely
resemble fetal rather than adult cardiomyocytes (Van den Heuvel et al., 2014). The
differences are discussed in more detail below, but culture conditions have been
observed to effect the maturity of hPSC-derived cardiomyocytes. For example, when
EBs were cultured over three months, both the molecular and electrophysiological
properties of the cardiomyocytes started to resemble those of more adult
cardiomyocytes (Sartiani et al., 2007). Additionally, other research groups have
observed changes toward the adult phenotype not only in terms of molecular or
electrophysiological properties but also morphological properties when culturing
hPSC-derived cardiomyocytes for longer periods of time (Kamakura et al., 2013;
Lundy et al., 2013; Otsuiji et al., 2010).

Together, these data emphasize the importance of culture conditions at the
pluripotent level and during the cardiac differentiation of hPSCs as well as when
culturing hiPSC-derived cardiomyocytes. It is always important to consider whether
the abnormal behavior observed in disease-specific hiPSC-derived cardiomyocytes
is attributable to the actual disease or to technical artifacts originating from hiPSC
induction, cardiac differentiation or culture conditions.

6.3  Modeling hypertrophic cardiomyopathy with human induced
pluripotent stem cells (Il1)

The third aim of this thesis was to develop cell models for HCM using hiPSC-derived
cardiomyocytes carrying either the MYBPC3-G/n1061X or TMP1-Asp175Asn
mutation, which are the most prevalent HCM mutations in Finland. HCM is
characterized by unexplained hypertrophy of the heart muscle in IVS or left
ventricle, arrhythmias, and fibrosis as well as myocyte hypertrophy and myofibrillar
disarray. HCM might lead to heart failure and SCD, and there are no specific
therapies available for the prevention of HCM progression (Kocovski & Fernandes,
2015; Maron et al., 2014). The primary cause of the disease lies in the genes encoding
for sarcomeric proteins, while on a cellular level, the earliest pathophysiological
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mechanisms include disrupted Ca?t handling properties, ion channel remodeling,
increased energy consumption and reduced force generation (Eschenhagen et al.,
2015; Tardiff et al., 2015). The clinical phenotype of HCM is impressively variable,
ranging from individuals with severe hypertrophy or SCD to completely
asymptomatic individuals. This indicates that other factors in addition to the
identified gene mutation, such as additional mutations, genetic modifiers, epigenetic
factors and environment, must have an impact on the development and progression
of the disease. (Ho et al., 2015; Van der Velden et al.,, 2015.)

6.3.1  Comparison to other published reports

In our study, we derived karyotypically normal hiPSCs from HCM patients. All our
hiPSC lines expressed genes and proteins typical of hPSCs. We differentiated both
HCM patient-specific hiPSCs and hiPSCs derived from healthy control individuals
into cardiomyocytes and compared their morphological and electrophysiological
properties. Our HCM hiPSC-derived cardiomyocytes resembled the HCM
phenotype iz wvitro, including enlarged cell size, multinuclearity, abnormal Ca2*
transients and increased number of arrhythmic events (both EADs and DADs) in
electrophysiological recordings. Most importantly, we found major differences
between hiPSC-derived cardiomyocytes carrying either the MYBPC3-G/n1061X or
TPM1-Asp715Asn mutation. The enlargement of the cardiomyocytes carrying the
MYBPC3-Gin1061X mutation was more significant and appeared earlier in culture
than that of cardiomyocytes carrying the TPM7-Asp715.Asn mutation. Conversely,
cardiomyocytes carrying the latter mutation had significantly more abnormal Ca2*
transients and significantly more prolonged action potential durations compared to
cardiomyocytes carrying the MYBPC3-G/n1061X mutation. However, both types of
HCM cardiomyocytes demonstrated increased amounts of arrhythmic events, as
determined by their electrophysiological recordings, compared to hiPSC-derived
control cardiomyocytes.

Currently, there have been three reports published using HCM patient-specific
hiPSCs (Han et al., 2014; Lan et al., 2013; Tanaka et al., 2014). The results presented
in these three publications are shown in Table 9. In addition, HCM hiPSC-derived
cardiomyocytes carrying MYBPC3 mutations were used in one report, in which the
effects of serum on hypertrophic phenotypes were studied (Dambrot et al., 2014).
The results from this study have already been discussed above.
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In this thesis, we derived hiPSC lines from two patients carrying the MYBPC3-
G/n1061X mutation and from two patients carrying the TPM7-Asp175.Asn mutation.
The ages and clinical symptoms of our patients varied. Two unrelated hiPSC lines
derived from healthy volunteers were used as control cells. hiPSCs were derived
from fibroblasts using either retro- or Sendai viruses. All hiPSC-derived HCM
cardiomyocytes were significantly larger than hiPSC-derived control cardiomyocytes
in our study. In 2013, Lan et al. published the first report using HCM hiPSC-derived
cardiomyocytes. In their publication hiPSCs were established via the lentiviral
infection of fibroblasts derived from five patients carrying the MYH7-Arg663His
mutation and from five related healthy individuals. Although the two youngest
patients had not developed the clinical phenotype of HCM, the hiPSC-derived
cardiomyocytes from all patients were significantly larger than the control
cardiomyocytes (Lan et al., 2013). In 2014, Han et al. published a report in which
hiPSCs were derived from a single patient carrying a MYH7-Arg442G/y mutation.
Control hiPSCs were derived from two unrelated healthy individuals. Fibroblasts
were used as a cell source for all established hiPSC lines, and the infection was
performed using retroviruses (Han et al., 2014). In the latest paper by Tanaka et al.
in 2014, hiPSCs were derived from three unrelated HCM patients and three healthy
volunteers. One of the HCM patients carried the MYBPC3-GH999-Gin1004del
mutation, while in the two other patients, the mutations were unknown (Tanaka et
al., 2014). Two control hiPSC lines were generated from dermal fibroblasts using
retroviruses, while all patient hiPSC lines and one control hiPSC line were derived
from T lymphocytes or peripheral blood with Sendai viruses. In the latest study, a
mixture of EBs derived from all three patients was studied (Tanaka et al., 2014).
Thus far, our report presented in this thesis is the first to compare two HCM
mutations using hiPSC-derived cardiomyocytes in the same study with similar

experimental settings.

70



Table 10. Summary of results from published reports using HCM patient-specific hiPSCs.

Patients and

HCM phenotype in hiPSC-CMs

Drug tr

Lan et al. 2013

Family with HCM

- 5 pers. with MYH7-Arg663His
- 5 pers. without mutation
(used as controls)

Timepoints:
20, 30, 40 days

Morphological properties
Cellular enlargement
Multinucleation

Increased myofibril content
Disorganized sarcomeres
Biochemical properties
Upregulation of ANF, TNNT2, MYL2, MYH7,
GATA4 and MEF2c

Elevation of MYH7/MYHE ratio
Nuclear translocation of NFAT
Ca? handling properties
Ca?* transient irregularities
Elevation of intracellular [Ca?+]
Smaller SR Ca2* release

Electrophysiological and mechanical properties

Arthythmic waveforms including frequent DADs
Irregular beating observed in video recordings

Calcineurin-NFAT signaling

Blockade by cyclosporin A and FK506 reduced hypertrophy
B-adrenergic stimulation

Isoproterenol increased cell size and

amount of irregular Ca2* transients and arrhythmia

Propranolol abolished isoproterenol-induced
Ca2* abnormalities, arrhythmia and hypertrophy

Blockade of L-type Ca?* channel
Treatment with verapamil for 5 days ameliorated HCM phenotype
Diltiazem abolished Ca2?* abnormalities and arrhythmia

Han et al. 2014
One patient:
- MYH7-Arg442Gly

Two control hiPSC lines from
unrelated healthy donors

Morphological properties
Cellular enlargement
Disorganized sarcomeres
Disorganized Z lines in EM
Biochemical properties
Changes in (whole transcriptome sequencing):
WNT/B-catenin pathway
Notch signaling pathway
FGF pathway
Nuclear translocation of NFAT
Decreased level of RYR2, SERCA2
Ca* handling properties
Ca2* transient irregularities
Elevation of intracellular [Ca?+]
Smaller SR Ca2* release
Delayed Ca2* transient decay time
Electrophysiological properties
Prolonged and dispersed interspike intervals and
increase of arrhythmogenic events in MEA
Irregular contractility in real-time cell analyzer
APD prolongation
Changes in the shape of AP
Increased Ca?*, Na* and outward K* currents

B-adrenergic stimulation

Isoproterenol elevated premature beats and irregular beating rates
Metoprolol decreased isoproterenol-induced beating irregularity
and arrhythmia

Blockade of L-type Ca2* channel
Treatment with verapamil for 4 days reduced arrhythmia and
Ca?* handling abnormalities

Kare channel opener
Antihypertensive drug pinacidil induced irregular interspike intervals

Inhibition of histone deacetylase activity

Treatment with trichostatin A for 3 days decreased cell size,
led to nuclear translocation of NFAT, suppressed Ca2*
abnormalities and decreased resting [Ca2*]

Tanaka et al. 2014

Three patients:

- MYBPC3-GLY999-GIn1004del
- In two of the patients,

mutation was unknown

Three control hiPSC lines from
unrelated healthy donors

Timepoints:
30, 60, 90 days culture as EBs

Morphology without stimulation

Mildly but significantly larger cell size

No time-dependent changes in cell size
Myofibrillar disarray in EM and cTnT staining
Elevated cTnT and ANP levels

Decreased MYBPC level in hiPSC-CMs with
MYBPC3 mutation

Mildly disorganized contractile form in video
recordings

Stimulation with hypertrophic factors
Angiotensin II, IGF-1, phenylephrine
no difference compared to non-stimulated cells
Endothelin 1 (ET-1)
Increase in cell size and myofibrillar disarray
Nuclear translocation of NFAT
Disorganized contractile form in video analysis
Similar response in mouse MYBPC+*- cardiomyocytes
Blocking of ET-1 signaling
ETA receptor antagonist blocked ET-1-induced effects
ETB receptor antagonist had no effect

HCM hypertrophic cardiomyopathy; hiPSC-CM human induced pluripotent stem cell-derived cardiomyocyte; SR sarcoplasmic
reticulum; DAD delayed after depolarization; EM electron microscopy; MEA microelectrode array; APD action potential duration;

AP action potential
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Myofibrillar disarray has been studied in most publications. However, in all
publications, different methods and criteria have been used to quantify the disarray,
and the results can be subjective. Han et al. showed that HCM hiPSC-derived
cardiomyocytes have more disrupted sarcomeres than cardiomyocytes derived from
control hiPSCs. However, the authors did not present any criteria to determine how
the disruption was qualified (Han et al., 2014). In Tanaka et al., cardiomyocytes were
qualified with myofibrillar disarray if over 50% of the myofibrils intersected with
each other (Tanaka et al., 2014). In Lan et al., cardiomyocytes that had more than
25% of their cell area exhibiting punctate TnT distribution were considered
disorganized. The overall morphology of hiPSC-derived cardiomyocytes is not
mature, and their structure is often unorganized; this is also the case in
cardiomyocytes derived from control hiPSCs. We did not report myofibrillar disarray
due to the lack of proper quantitation criteria for this phenomenon. We have been
developing software for the identification and characterization of the organization
of myofibrils in a more automated and defined manner (Kartasalo et al., 2015,
manuscript submitted).

In our study, the APDoy was significantly increased in hiPSC-derived
cardiomyocytes carrying the TMP7-Asp175.Asn mutation or the MYBPC3-Gin1061X
mutation. However, the APDog was significantly longer in cardiomyocytes carrying
the TMP1-Asp175Asn mutation compared to cardiomyocytes carrying the MYBPC3-
G/n1061X mutation. Although the numbers of cardiomyocytes exhibiting
arrhythmias (DADs and EADs) were similar for both mutations, the DAD rate was
higher in cardiomyocytes carrying the MYBPC3-G/n1061X mutation than in control
cardiomyocytes. The electrophysiological properties of the HCM hiPSC-derived
cardiomyocytes have been studied in two previous reports. Lan et al. observed more
cardiomyocytes exhibiting DADs in hiPSC-derived HCM cell populations than in
control cardiomyocyte populations. In addition, the DAD rate was significantly
higher in these cells. Significant differences were observed only 30 days after the
initiation of cardiac differentiation. (Lan et al, 2013.) Han and coworkers
demonstrated a marked prolongation of APD in HCM hiPSC-derived
cardiomyocytes carrying the MYH7-Arg442G/ly mutation but no increased DAD
ratio (Han et al., 2014). We are currently further studying the electrophysiological
properties of our HCM hiPSC-derived cardiomyocytes.

In our study, the proportion of cardiomyocytes with abnormal Ca2* transients
was approximately 20% for hiPSC-derived control cardiomyocytes, 42% for
cardiomyocytes carrying the TPM7-Aspl175Asn mutation and 21%  for
cardiomyocytes carrying the MYBPC3-G/n1061X mutation. Lan and co-workers
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reported that approximately 20% of hiPSC-derived HCM cardiomyocytes had
irregularities in their Ca2+ handling properties on day 30 and approximately 30% on
day 40 after initiating cardiac differentiation, while in control cardiomyocytes the
proportion was approximately 5% at all timepoints (Lan et al., 2013). Han et al.
reported that approximately 20% of hiPSC-derived cardiomyocytes had abnormal
Ca2* handling properties, while no control hiPSC-derived cardiomyocytes had
abnormalities (Han et al., 2014). Similar to the characterization of disrupted
sarcomeres, these data are also subjective, and the qualification criteria are rarely
stated in publications. Thus, the results obtained in different publications are not
directly comparable. For example, in the study presented in this thesis, approximately
20% of control hiPSC-derived cardiomyocytes had abnormalities in their Ca2*
handling properties, while in earlier studies, the proportions were 0-5%. Recently,
we have been developing software to aid researchers in the visual characterization of
Ca2* signals to obtain more reliable and robust results (Penttinen et al., 2015,
manuscript submitted).

6.3.2  Variable phenotype of hypertrophic cardiomyopathy

In Study III, we observed significant differences between hiPSC-derived
cardiomyocytes carrying the MYBPC3-Gin1061X or TPM1-Asp715Asn mutation.
Cardiomyocytes with the MYBPC3-Gin1061X mutation were significantly larger
than cardiomyocytes carrying the TPM7-Asp715.Asn mutation, while cardiomyocytes
carrying the latter mutation had more abnormalities in their Ca2* transients, and their
APDoo was significantly longer than for cardiomyocytes carrying the MYBPC3-
G/n1061X mutation. Originally, the MYBPC3-G/n1061X mutation was associated
with a clinically mild phenotype, and TPM7-Asp175.Asn was associated with a
clinically intermediate phenotype with a substantial risk for SCD (Jadskeldinen et al.,
2004). However, in the most recent clinical studies, as well as in the patient data
analyzed in this thesis, hypertrophy has been in the same range in patients carrying
either of these two mutations (Jadskeldinen et al., 2014, 2013). Therefore, the
differences in cell size observed in this thesis do not correlate with the extent of
clinical hypertrophy. However, our data demonstrate more abnormal Ca2* transients
and longer APDoy for TPM71-Asp175Asn cardiomyocytes than cardiomyocytes
carrying the MYBPC3-G/n1061X mutation, which is in line with the clinical findings
that patients with TPM7-Asp175.4sn are more prone to arrhythmias than those with
the MYBPC3-G/n1061X mutation.
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It is known that the primary causes of genetic HCM are mutations in the
sarcomeric genes. However, the reasons why progressive changes initiated by these
primary mutations occur in one individual and not in others are still largely unknown.
Many mechanisms related to the variable phenotype of HCM have been proposed
(Figure 15). Conventionally, HCM has been studied with animal models or patient
samples obtained from surgical myectomy. There are limitations to these models.
Animal models carry only the mutated gene, and although they contain the entire
genome of an HCM patient, myectomy samples are obtained from patients in the
late stage of HCM development. While HCM leads to progressive heart failure, the
major difficulty in studying the pathophysiological mechanisms leading to HCM has
been the lack of tissue at the eatly stages of disease development. Thus, our hiPSC

models represent a valuable tool to study HCM 7 vitro.

Additional disease m
- Additional mutations

- Genetic modifiers

- Epigenetic factors

- Enviroment

- Function of protein quality

Sarcomere mutation Mild HCM phenotype _

- hiPSC-derived cardiomyocytes - human myectomy samples
- animal models

Figure 16. Factors related to the variable phenotype of HCM (figure modified from Van der Velden et
al., 2015).

In our study, we could not detect the mutated MYBPC protein, which is in line with
previous studies using human myectomy samples and hiPSC-derived cardiomyocytes
(Marston et al.,, 2009; Rottbauer et al., 1997; Tanaka et al., 2014; Van Dijk et al,
2009). The total amount of the MYBPC protein was slightly reduced in our study in
cardiomyocytes carrying the MYBPC3-Gin1061X mutation compared to hiPSC-
derived control cardiomyocytes. The dosage of the mutated gene is one of the factors
that has been proposed to affect the severity of the observed clinical phenotype.
HCM is inherited in an autosomal dominant pattern, and thus, both mutated and
wildtype proteins are expected to be incorporated into the sarcomere. (Van der

74



Velden et al., 2015.) However, the expression of the mutated protein can be regulated
on many levels. In particular, the MYBPC3 mutations leading to truncated proteins
can be directed toward degradation by nonsense-mediated mRNA decay, UPS and
the autophagy/lysosomal pathway, which leads to haploinsufficiency (Helms et al.,
2014). The age-related decline of these protein quality systems has been suggested
to effect the progression of HCM (Van der Velden et al., 2015). The amount of the
wildtype MYBPC protein varies in patient tissue samples, which might correlate with
the clinical phenotypes observed in patients (Helms et al., 2014; Van Dijk et al,,
2009). Another mechanism affecting the dosage of the mutated gene and thus disease
severity could be allelic imbalance, which indicates differences in the expression
levels of mutated and wildtype alleles (Helms et al., 2014; Tripathi et al., 2011).

Other additional disease modifiers are thought to act later during life. Protein
phosphorylation is one of the most important post-translational modifications,
which has also been suggested to affect disease development. For example, the
reduced phosphorylation of Tnl and MYBPC has been related to increased
myofilament Ca2* sensitivity, which is a common feature of HCM. (Sequeira et al,,
2013.) However, Ca?* sensitivity has also been suggested to be a primary
consequence of HCM. Additionally, Ca2+ sensitivity has been proposed to increase
arrhythmia sensitivity either by increasing the Ca?* binding affinity in the cytosol,
which could lead to remodeling of action potentials and thus trigger arrhythmias, or
by affecting energy consumption and increasing arrhythmia susceptibility via stress
(Huke et al., 2013; Schober et al., 2012; Van der Velden et al., 2015).

Some HCM patients have been shown to carry more than just one mutation in
their genotype, and patients carrying multiple mutations have been associated with
more severe symptoms or eatlier onset of disease (Ho et al., 2015; Maron et al.,
2012). Other genetic mechanisms include genetic modifiers, which can be either near
or distantly located DNA variants that influence the expression of the mutated gene
(Ho et al., 2014). Additionally, epigenetic changes, which cannot be explained by the
DNA sequence itself, have been suggested to contribute to the progression of HCM.
These mechanisms include the methylation of GpC islands by DNA
methyltransferases, histone modification, mictoRNAs (miRNAs) and long non-
coding RNAs (IncRNAs), which can lead to the altered regulation of genes (Ho et
al., 2015).

In this study, we were able to detect differences between the cellular phenotypes
of the MYBPC3-G/n1061X and TPM1-Asp175.Asn mutations, which are partially in
line with clinical findings published previously (Jddskeldinen et al., 2014, 2013, 2004).
The actual mechanism related to the differences between the MYBPC3-Gn1061X
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and TPM1-Asp175Asn mutations observed in this thesis remains unknown, and
further studies are necessary. However, the HCM hiPSC cell models developed in
this thesis represent a valuable tool to study the pathophysiological mechanisms,
including the effects of additional disease modifiers, which have been almost

impossible to study before using animal models and human myectomy samples.

6.3.3  Limitations in the use of human induced pluripotent stem cell-derived
cardiomyocytes as an in vitro model for hypertrophic cardiomyopathy

The major limitation when using hiPSC-derived cardiomyocytes in disease modeling
is the immature nature of these cells. The characteristics of hPSC-derived
cardiomyocytes and the differences between these and adult human cardiomyocytes
have recently been reviewed (Van den Heuvel et al., 2014). Compared to adult
cardiomyocytes, the sarcomeric structures of hPSC-derived cardiomyocytes are
unorganized, they lack clear T tubules, they have different ion channel profiles, and
their Ca2* handling is immature. In addition, the shapes of hPSC-derived
cardiomyocytes vary from circular to star-shaped, while adult human cardiomyocytes
are rod-shaped iz vivo. Overall, the phenotype of hPSC-derived cardiomyocytes is
thought to more closely resemble that of fetal cardiomyocytes than adult
cardiomyocytes. (Van den Heuvel et al., 2014.) At the moment, much effort is being
expended to obtain more mature cardiomyocytes. In addition to culture conditions
and the long-term culture of cardiomyocytes discussed above, other techniques such
as electrical and mechanical stimulation, as well as engineered heart tissue (EHT)
structures, have been developed (Kreutzer et al., 2014; Kujala et al., 2012b; Nunes
et al., 2013; Stoehr et al., 2014).

Another issue related to the study of HCM with hiPSC-derived cardiomyocytes
is related to the assumption that cell types other than cardiomyocytes might be
directly involved in the progression of HCM. For example, microvascular
dysfunction is thought to be the primary reason for replacement-type fibrosis
observed in HCM patients (Van der Velden et al., 2015). Thus, it is important to
consider whether studying HCM at the single cell level is sufficient to obtain an exact
picture of the disease mechanisms. EHT structures and cardiovascular constructs,
consisting of various cell types could be useful in this context (Stoehr et al., 2014;
Vuorenpii et al., 2014).

As discussed above, in addition to primary HCM gene mutations, gene modifiers
and epigenetic changes might also have an effect on disease development and
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progression. In all published reports, including the results presented in this thesis,
the phenotypes of HCM hiPSC-derived cardiomyocytes have been compared to
control hiPSC-derived cardiomyocytes established from related or non-related
healthy individuals (Han et al., 2014; Lan et al., 2013; Tanaka et al., 2014). Currently,
useful gene-editing approaches, including clustered regularly interspaced short
palindromic repeats (CRISPR) and transcription activator-like effector nuclease
(TALEN) techniques, are available, and they can be used either to create mutations
or correct existing mutations in an hiPSC line, thus generating genotype-matched
isogenic control lines (Li et al., 2014). When considering the variable phenotypes of
HCM patients, these isogenic control hiPSCs would be useful when further studying
HCM disease mechanisms.

6.4  Future perspectives

In this thesis, we observed marked variations in the cardiac differentiation potential
of individual hPSC lines, which has also been reported in earlier studies.
Furthermore, hESC lines appeared to be more efficient in producing cardiomyocytes
than hiPSC lines. Although a large number of cardiac differentiation methods have
recently been developed, none of them appear to efficiently and robustly produce
cardiomyocytes from every hPSC line. In addition to the actual cardiac
differentiation method, hPSC line-specific differences have been related to the
hiPSC induction method, culture conditions, and characteristics of individual hPSC
lines. Regardless, the optimization and maintenance of the best differentiation
method for each individual hPSC line is laborious, and more robust cardiac
differentiation methods are still needed.

When studying the effects of hPSC culture methods on the cardiac differentiation
potential of hPSCs, we observed that the hPSCs cultured on mouse feeder cell layers
more efficiently produced cardiomyocytes in END-2 co-cultures than hPSCs
cultured with a feeder cell-free method. Furthermore, the hPSCs cultured with the
feeder cell-free method were more prone to differentiating toward neural cells. These
data suggest that in addition to optimizing the differentiation method, culture
conditions for hPSCs should also be optimized when differentiating hPSCs into
specific lineages.

In this thesis, KLLF4 was incompletely silenced before differentiation in one of
the hiPSC lines used. This particular cell line was inferior in terms of differentiation
into cell derivatives from all three germ layers. In addition, exogenous OCT3/4 was
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expressed in all hiPSC lines at the end of RPE cell differentiation. The RPE
differentiation protocol was the longest differentiation protocol used in our study,
lasting almost three months. When considering the potential reactivation of
transgenes in retrovirally induced hiPSCs, other reprogramming techniques
employing non-integrating methods should be preferred in future studies.

To our knowledge, the study presented in this thesis is the first report in which
hiPSC-derived cardiomyocytes have been used to compare two different HCM
mutations in similar experimental settings. Due to a lack of standardized
characterization methods and criteria, results from separate publications are hard to
compare. Although the current methods for studying cardiomyopathies i vitro with
patient-specific cardiomyocytes are far from optimal, we were able to create hiPSC
models with the HCM phenotype and discover mutation-specific differences
between hiPSC-derived cardiomyocytes carrying the MYBPC3-Gin1061X or TPM1-
Asp175Asn mutation. When using isogenic controls in which the mutation is
corrected with gene-editing techniques, hiPSC-derived cardiomyocytes also
represent a valuable tool to study the effects of genetic modifiers and epigenetic
factors on disease progression between different individuals, which has been difficult
when using animal models or samples from surgical myectomy.

However, particularly in the case of HCM associated with highly variable
phenotypes, it would be important to optimize cardiac differentiation and cell culture
conditions. The study design becomes highly valuable, and the culture conditions
should be similar for both control and disease-specific cardiomyocytes. When
experiment are thoroughly designed, the results obtained from these studies would
be more robust and reliable. However, we believe that the hiPSC-detived HCM 7z
vitro models established in this thesis represent a valuable tool to further study the
pathophysiological mechanisms of HCM as well as to test novel drug therapies
developed to prevent disease progression and potentially optimize treatments in a

mutation-specific manner.
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7  Conclusions

The aim of this thesis was to compare the differentiation efficiencies of various hPSC
lines and to study the effects of hPSC culture methods on the cardiac differentiation

potential of hPSCs as well as to develop cell models for HCM with patient-specific

hiPSCs. Based on the three studies presented here, the following conclusions can be

drawn:
o

Marked variation in the cardiac differentiation potential of different
hPSC lines was observed. Overall, the hESC lines were more efficient in
producing cardiomyocytes than hiPSCs. This phenomenon could
partially be explained by the reprogramming method utilized.

Culture conditions have a significant effect on the cardiac differentiation
potential of hPSCs. hPSCs cultured on mouse MEF or SNL feeder cell
layers in conventional stem cell culture medium were more potent in
producing cardiomyocytes in END-2 co-cultures than hPSCs cultured
on Matrige]™ in mTeSR™1 medium. Furthermore, hPSCs cultured on
Matrige]™ in mTeSR™1 medium were more prone to neural lineages.
Karyotypically normal hiPSCs expressing genes and proteins typical of
hPSCs were derived from HCM patients, and hiPSCs were differentiated
into cardiomyocytes, which resembled the HCM phenotype iz wvitro.
These changes include enlarged cell size, abnormal Ca2* transients and
an increased number of arrhythmic events, as observed in
electrophysiological recordings.

Significant differences between hiPSC-derived cardiomyocytes carrying
the TPM1-Asp175Asn or MYBPC3-Gln1061X mutation were detected.
Greater disturbances in the Ca2?* handling properties of TPM7-
Asp175Asn cardiomyocytes were detected, while the size of MYBPC3-
G/n1061X cardiomyocytes was significantly larger.
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ABSTRACT

Functional hepatocytes, cardiomyocytes, neurons, and retinal pigment epithelial (RPE) cells derived
from human embryonic stem cells (hESCs) or human induced pluripotent stem cells (hiPSCs) could
provide a defined and renewable source of human cells relevant for cell replacement therapies, drug
discovery, toxicology testing, and disease modeling. In this study, we investigated the differences
between the differentiation potentials of three hESC lines, four retrovirally derived hiPSC lines, and
one hiPSC line derived with the nonintegrating Sendai virus technology. Four independent protocols
were used for hepatocyte, cardiomyocyte, neuronal, and RPE cell differentiation. Overall, cells
differentiated from hESCs and hiPSCs showed functional similarities and similar expression of genes
characteristic of specific cell types, and differences between individual cell lines were also detected.
Reactivation of transgenic OCT4 was detected specifically during RPE differentiation in the retrovi-
rally derived lines, which may have affected the outcome of differentiation with these hiPSCs. One
of the hiPSC lines was inferior in all directions, and it failed to produce hepatocytes. Exogenous KLF4
was incompletely silenced in this cell line. No transgene expression was detected in the Sendai
virus-derived hiPSC line. These findings highlight the problems related to transgene expression in
retrovirally derived hiPSC lines. STEM CELLS TRANSLATIONAL MEDICINE 2013;2:83-93

to increase the similarity between hESCs and
iPSCs [10, 11].

Recent studies have revealed that iPSCs main-
tain differential DNA methylation patterns as a sign
of incomplete reprogramming [12, 13]. The possi-
ble consequences of this “epigenetic memory” still
remain unknown. Some recent studies indicate
that the origin of iPSCs is relevant for their differen-
tiation capacity. iPSCs derived from retinal pigment
epithelial (RPE) cells have a high tendency for pig-
mentation [14], and reprogramming of cardiac fi-
broblasts produces more cardiomyocytes than fi-
broblasts from other sources [15]. Although hiPSCs

INTRODUCTION

Human embryonic stem cells (hESCs) and human
induced pluripotent stem cells (hiPSCs), collec-
tively termed human pluripotent stem cells
(hPSCs), are considered a renewable source of
cells for regenerative medicine because of their
potential to differentiate into all cell types found
in the adult human body [1]. hESCs are derived
from the inner cell mass of developing embryos
[2], whereas hiPSCs are reprogrammed from so-
matic cells [3, 4]. hiPSCs share several character-
istics with hESCs, including similar morphology,
expression of pluripotency markers, and the abil-

ity to differentiate into definitive cell lineages [5—
8]. Initial studies have suggested that fully re-
programmed iPSCs are indistinguishable from
ESCs [3, 4, 9]. More comprehensive studies
have revealed that particularly early passage
iPSCs show differences in their gene expres-
sion profile, but continued propagation tends

in general seem to differentiate into specific lin-
eages as efficiently as hESCs, there are several ex-
amples of incomplete pluripotent differentiation
capacity, possibly reflecting their epigenetic barri-
ers [11, 16].

Most studies comparing the properties of
hESCs and hiPSCs have focused on their undif-

©AlphaMed Press 2013
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ferentiated phenotype, their uncontrolled differentiation capac-
ity in embryoid bodies or teratomas, or their differentiation to-
ward a single specific lineage [6, 17-19]. However, many ex-
tended protocols have been developed for the differentiation of
specific derivatives of all germ lines, such as hepatocytes (endo-
derm), cardiomyocytes (mesoderm), or neurons and retinal cells
(ectoderm). The rationale of our study was to systematically
compare the capability of the same hiPSC and hESC lines to de-
velop into functional cell types following the protocols optimized
by researchers dedicated to their respective line of differentia-
tion. We studied four hiPSC and three hESC lines for their ability
to differentiate into functional hepatocyte-like cells (HLCs), beat-
ing cardiomyocytes, neurons forming active neuronal networks,
and highly pigmented mature RPE cells. Cell lines hiPSC1 to
hiPSC4 were derived in two different laboratories, from neonatal
and adult fibroblasts using retroviral vectors. One of the cell lines
was derived using NANOG, OCT4, SOX2, and LIN28, whereas the
other cell lines were derived by overexpressing OCT4, SOX2,
KLF4, and c-MYC. In addition, the hiPSC5 line was derived with an
integration-free Sendai-viral system. All of the cell lines were
adapted in the same culture conditions prior to each differenti-
ation protocol to avoid variation caused by different culture en-
vironments. Our results did not point to a systematic difference
in the differentiation efficiency between hiPSC and hESC lines,
except for one cell line with incomplete transgene silencing. Re-
activation of transgenes was occasionally observed, especially
with a long RPE differentiation protocol. These observations
raise concerns related to the use of integrating reprogramming
methods.

MATERIALS AND METHODS

Ethical Issues

The Institute of Biomedical Technology has an approval of Na-
tional Authority for Medicolegal Affairs Finland to study human
embryos (Dnro1426/32/300/05), as well as the support of the
Ethical Committee of Pirkanmaa Hospital District to derive, cul-
ture, and differentiate hESC lines from surplus human embryos
(R05116) and to produce new hiPSC lines (R08070). The genera-
tion of hiPSC lines in Biomedicum Stem Cells Center Helsinki was
approved by the Coordinating Ethics Committee of the Helsinki
and Uusimaa Hospital District (Nro 423/13/03/00/08).

Cell Lines and Cell Culture

Three hESC lines (H7 [hESC1; WiCell Research Institute, Madison,
WI, http://www.wicell.org], FES29 [hESC2] [20], and Regea 08/
023 [hESC3] [21]) and five hiPSC lines (FiPS5-7 [hiPSC1] [22],
UTA.00112.hFF [hiPSC2] [23], A116 [hiPSC3] [supplemental on-
line Fig. 1], UTA.01006.WT [hiPSC4] [23], and Hel24.3 [hiPSC5]
[supplemental online Fig. 1]) were used in this study. The hiPSC
lines FiPS5-7 and UTA.00112.hFF were derived from human fore-
skin fibroblasts (hFFs) (CRL-2429; American Type Culture Collec-
tion, Manassas, VA, http://www.atcc.org), and the hiPSC lines
A116, UTA.01006.WT, and Hel24.3 were derived from adult skin
fibroblasts. FiPS5-7 (hiPSC1) was reprogrammed with NANOG,
OCT4, SOX2, and LIN28 and the other hiPSC lines with OCT4,
SOX2, KLF4, and c-MYC. The cell lines used in this study are pre-
sented in supplemental online Table 1. Details of hiPSC repro-
gramming conditions are provided in the supplemental online
Materials and Methods.

©AlphaMed Press 2013

Differentiation Protocols

Pluripotent stem cell lines were differentiated into hepatocyte-
like cells, cardiomyocytes, neural cells, and RPE cells. Detailed
methods of differentiation and characterization are provided in
the supplemental online Materials and Methods.

The efficiency of hepatic differentiation was evaluated by
studying the expression of OCT4, SOX17, FOXA2, AFP, and
Albumin at day (d) 7, d14, and d21 by quantitative polymerase
chain reaction (qPCR) analysis and by studying the expression
of OCT4, FOXA2, SOX17, AFP, and albumin with immunocyto-
chemistry. The definitive endoderm induction was analyzed at
d7 by flow cytometry for CXCR4+ cells, and the functionality
of the differentiated hepatocyte-like cells was studied by al-
bumin secretion measured with an enzyme-linked immu-
nosorbent assay.

Cardiac differentiation was characterized by studying the ex-
pression of Nanog, OCT4, SOX17, Brachyury T, and NKX2.5 at
time points d0, d3, d6, d13, and d30 by qPCR and by studying the
expression of a-actinin, Troponin T, connexin-43, and ventricular
myosin heavy chain (MHC) with immunocytochemistry. The effi-
ciency of cardiac differentiation was evaluated by immunocyto-
chemical analysis of cytospin samples on day 20 and counting the
number of beating areas in the end of differentiation on day 30.
The functionality of the cardiomyocytes was analyzed using the
microelectrode array (MEA) platform.

Neural differentiation was evaluated at the 4- and 8-week
time points by studying the expression of OCT4, Musashi, Neu-
rofilament-68 (NF-68), and glial fibrillary acidic protein (GFAP) by
gPCR and by studying the expression of OCT4, EpCAM, Nestin,
microtubule-associated protein 2 (MAP-2), GFAP, brain lipid-
binding protein (BLBP), chondroitin sulfate proteoglycan (NG2),
and galactocerebroside (GalC) by immunocytochemistry. The
morphological analysis was performed with time-lapse imaging.
The spontaneous functionality of developing neuronal networks
was characterized using MEA.

To evaluate putative RPE cell differentiation, the appearance
of the first pigmented cells was followed daily and recorded. The
percentage of pigment-containing cell aggregates from the to-
tal amount of aggregates was counted on day 28 *= 1 of the
differentiation. The expression of OCT4, MITF, BEST1, and
RLBP1 was analyzed by gPCR from d0, d28, d52, and d82 of
RPE differentiation. The expression of OCT4, MITF and bestro-
phin-1 proteins was quantified with cytospin analysis on day
82 or on day 116.

Statistical Analysis

Statistical analysis between two groups was performed with the
unpaired Student’s t test or Mann-Whitney U test according to
the sample set. In the case of multiple groups, one-way analysis
of variance and the Tukey post hoc test were used. A p value of
<.05 was considered statistically significant.

RESULTS

Transgene Silencing

hiPSC lines hiPSC1 [22], hiPSC2 [23], and hiPSC4 [23] were inde-
pendently established by retroviral infection (OCT4, SOX2,
¢-MYC, and KLF4 or OCT4, SOX2, NANOG, and LIN28) and char-
acterized as described previously [22, 23]. hiPSC3 and hiPSC5
(supplemental online Fig. 1) lines were separately characterized

STEM CELLS TRANSLATIONAL MEDICINE
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Figure 1. Transgene silencing. (A): Quantitative polymerase chain reaction (qPCR) analysis for expression of the transgenes OCT4, SOX2,
NANOG, LIN28, c-MYC, and KLF4 at the onset of differentiation (d0). The data are shown as the average (£SEM) relative value from four
independent experiments. The value 1 indicates total silencing of transgenes. One-way analysis of variance with Tukey post hoc test was used
for statistical analysis. **, p < .01. (B): qPCR analysis for activation of transgene expression during each differentiation protocol. The value 1
indicates no change in transgene expression. *, p < .05. Abbreviations: d, day; hiPSC, human induced pluripotent stem cell; NEURO, neural

differentiation.

for this study. Relative transcriptional levels of the transgenes
were studied by gPCR before and at the end of each differentia-
tion protocol in lines hiPSC1-hiPSC4. The results revealed con-
stant expression of exogenous KLF4 in hiPSC4 at dO, whereas
transgenes in other cell lines were silenced (Fig. 1A; supplemen-
tal online Fig. 2A). Transgene expression in general was not sig-
nificantly induced by the differentiation protocols, with one re-
markable exception. Levels of exogenous OCT4 mRNA were
systematically increased at the end of the long-term RPE differ-
entiation protocol in all retrovirally derived hiPSC lines (Fig. 1B;
supplemental online Fig. 2B), and OCT4+ cells could be detected
by immunocytochemistry after 82 days of RPE differentiation
(supplemental online Fig. 3B). In addition, exogenous LIN28 and
NANOG mRNA levels were markedly increased during the RPE
differentiation in hiPSC1, the only cell line derived by overexpres-
sion of these factors (supplemental online Fig. 2B). When the
Sendai-virally derived hiPSC5 line was differentiated into RPE

www.StemCellsTM.com

cells, no reactivation of transgene expression was detected (sup-
plemental online Fig. 3A, 3B).

Definitive Endoderm Differentiation

Hepatocyte differentiation protocol consists of three stages,
slightly modified from that described by Hay et al. [24] (Fig. 2A).
The first stage directs the cells from pluripotent cells into com-
mitted definitive endoderm (DE) cells. In this stage, after 7
days from the onset of induction, all the cell lines had lost
their embryonic stem-like small, round, and dense morphol-
ogy and the cells were growing as homogeneous monolayers.
gPCR analysis showed marked upregulation of the anterior
definitive endoderm genes SOX17 and Hhex in all lines at day
7 (Fig. 2B; supplemental online Fig. 4A). During differentia-
tion, the expression of OCT4 decreased in all cell lines and
became undetectable by day 14. The process was somewhat
slower in hiPSCs than hESCs (Fig. 2D). There was no change in
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the expression level of the extraembryonic endoderm gene
SOX7 (data not shown). In immunocytochemical analysis
more than 90% of the cells were positive for definitive endo-
derm marker FOXA2, and very few if any OCT4+ cells could be
found (Fig. 2C; supplemental online Fig. 5A). The percentage
of CXCR4+ cells as analyzed by flow cytometry varied be-
tween 65% and 96% between all the lines (supplemental on-
line Fig. 5B), and there were no significant difference between
hESC (n = 3) and hiPSC (n = 4) lines in group comparison (Fig.
2E). These results suggest that the hESC and hiPSC lines used
in this study differentiated into definitive endoderm stage
with equal efficiency.

©AlphaMed Press 2013

Hepatocyte Differentiation

Theresulting DE cells were then differentiated into HLCs by 7-day
culture in medium supplemented with 1% dimethyl sulfoxide
(stage 2) and by a final maturation step in medium supple-
mented with hepatocyte growth factor and Oncostatin M for a
further 7 days [24] (Fig. 2A). During this time the cells displayed
morphological changes from a spiky shape to a polygonal shape.
On day 21, the cultures contained foci exhibiting features of hu-
man hepatocytes, including a typical polygonal shape with dis-
tinct round nuclei, and many of the cells were binuclear (supple-
mental online Fig. 5C). Only hiPSC4-derived cells failed to develop a
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distinct hepatocyte-like morphology (supplemental online Fig. 5C).
In gPCR analysis, AFP was highly upregulated at day 14 and Albumin
at day 21 (Fig. 2B; supplemental online Fig. 4A).

The HLCs derived from hiPSC2 expressed the highest levels of
AFP and Albumin, whereas the expression of these hepatocyte-
specific markers was nearly undetectable with hiPSC4-derived
cells. Variation in the differentiation efficiency, as measured by
albumin expression, was detected between hESCs and iPSCs, but
the differences were not statistically significant in a group com-
parison. The hepatocyte-specific functionality of the differenti-
ated cells was analyzed by albumin secretion assay. The results
correlated well with gPCR data; there was no overall difference
in albumin secretion rate between the hESC1-hESC3 lines and
the hiPSC1-hiPSCS5 lines in a group comparison, although there
was variation between the individual cell lines (Fig. 2F), particu-
larly because hiPSC4 failed to develop into albumin-secreting
cells. Taken together, both the highest and the lowest levels of
differentiation were observed in the hiPSC lines, whereas there
was less variation among the hESC lines.

Cardiomyocyte Differentiation

hPSC lines were differentiated into cardiomyocytes using the
END-2 coculture method [25]. The progression of cardiac differ-
entiation was monitored and cells analyzed as shown in Figure
3A. All four hiPSC and three hESC lines differentiated into beating
cardiomyocytes, but the differentiation efficiency was variable.
In addition, the cardiac differentiation efficiency varied between
separate differentiation experiments within the same cell line.
All cell lines formed compact structures in END-2 coculture ex-
cept hiPSC4, which tended to form more cystic structures than
the other cell lines. Cardiomyocytes derived from the cell lines
expressed a-actinin, Troponin T, connexin-43, and MHC in im-
munocytochemical stainings (Fig. 3B). The electrical activity of
cardiomyocytes was monitored with MEA measurements. The
normal beating rate of the cell clusters was measured and the
beating rate was increased by adding the -adrenergic agonist
isoprenaline to MEA chambers. All hESC- and hiPSC-derived car-
diomyocytes beat and gave a signal on MEA and thus can be
considered functional cardiomyocytes (Fig. 3C).

Quantitative immunocytochemical analysis was performed
on cells cultured in END-2 cocultures on day 20, and beating
areas were counted at the end of differentiation on day 30. The
number of beating areas was highly variable between separate
differentiation experiments within the same cell line. As a group,
hESCs formed more beating areas than hiPSCs (p < .001, Fig. 3D).
hESC1 had the most efficient cardiac differentiation efficiency,
whereas hiPSC1 and hiPSC4 had the least efficient cardiac differ-
entiation and the lowest number of beating areas (Fig. 3D). The
results from the quantitative immunocytochemical analysis de-
tecting cardiac Troponin T-positive cells were in accordance with
the number of beating areas (Fig. 3E). In the hESC1 line, the
beating areas were smaller than in other cell lines, but there
were more beating areas. This may explain the difference be-
tween quantitative immunocytochemical results and the num-
ber of beating areas detected.

The expression of pluripotency markers NANOG and OCT4
was highest on day 0 and descended during cardiac differentia-
tion (supplemental online Fig. 6A, 6B). The expression of endo-
dermal SOX17 was the highest on day 3 in all hiPSCand hESC lines
(supplemental online Fig. 6C). The expression of Brachyury T was
also the highest on day 3 with the hESC lines (Fig. 3F). Interest-
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ingly, with hiPSC lines the highest expression of Brachyury T was
detected on day 6, and it was significantly higher in hiPSC lines
than in hESC lines (p = .003), suggesting a slower tempo of car-
diac differentiation. The expression of Nkx2.5 ascended evenly
during differentiation in all hiPSC and hESC lines.

Neural Differentiation

The neural differentiation protocol and the analyses used in this
study are summarized in Figure 4A. Cell lines displayed clear dif-
ferences when differentiated and cultured as neurospheres in
neural differentiation medium. Neurospheres usually develop
into firm cell aggregates within 2 weeks. The hiPSC3-derived
neurospheres, however, showed persistent growth of unwanted
cystic structures up to 4 weeks of differentiation (supplemental
online Fig. 7). When the cysts were repeatedly manually re-
moved from the cultures, the cyst formation declined. In addi-
tion to hiPSC3, the hiPSC2 line produced relatively fast-growing
and less firm neurospheres. The growth of hiPSC4-derived neu-
rospheres was weaker than that in the other lines. Neurospheres
derived from hESC lines showed less variation during differenti-
ation and culture.

According to qPCR analysis, the expression of OCT4 was
strongly downregulated within every cell line during the neural
differentiation at 8 weeks (Fig. 4B). The downregulation was,
however, significantly stronger in neurospheres derived from
hESC than from hiPSC lines (p < .01). The expression of neural
precursor cell marker Musashi and neural marker NF-68 in-
creased during differentiation, and both were significantly
higher in neurospheres derived from hESCs than from hiPSC lines
(Musashi week 8, p = .034; NF-68 weeks 4 and 8, p = .002 and
p = .01, respectively) (Fig. 4B). Expression of glial marker GFAP
was undetectable in 0 and 4 weeks, and it was expressed at a low
level in every cell line after 8 weeks of differentiation. Line-spe-
cific expression of OCT4, Musashi, and NF-68 is shown in supple-
mental online Figure 4.

The cells were monitored with time-lapse imaging at 4 and 8
weeks during the neural differentiation. Quantitative analysis of
time-lapse imaging data was performed by Cell-IQ analysis software
(Chip-Man Technologies Ltd., Tampere, Finland) [26], but the accu-
rate neuronal cell number could not be reliably determined because
of confluence of the cultures (supplemental online Fig. 7). Qualita-
tive analysis of the imaged data showed that hESC3 and hiPSC3
produced very pure neuronal populations in 8 weeks, whereas
hiPSC4 was clearly the weakest cell line for neural differentiation,
producing a lot of flat epithelial-like cells (Fig. 4C). The cells in
hiPSC1-derived cultures were also mostly neuronal, but more cells
with non-neuronal morphology were detected compared with
hESC3- and hiPSC3-derived cultures.

Immunocytochemical staining supported the results of the
time-lapse imaging analysis (Fig. 4D). The highest levels of MAP-2-
positive cells were detected within hESC3- and hiPSC3-derived cul-
tures. In hiPSC4-derived cultures only single cells positive for MAP-2
could be detected. The number of Nestin-positive cells decreased in
all lines from 4 weeks to 8 weeks. No OCT4, CD326, GFAP, or BLBP
was detected in any cell lines, indicating that no undifferentiated
cells, astrocytes, or radial glial cells were present in the cultures.
Only single cells positive for NG2 or GalC could be detected at 8
weeks, indicating the presence of few oligodendrocyte precursor
cells in the cultures (supplemental online Fig. 7).
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A Day 0: Initiation of cardiac differentiation in END-2 co-cultures
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Figure 3. Cardiomyocyte differentiation. (A): Schematic presentation of the cardiac differentiation protocol and experimental design. (B):
Cardiomyocytes derived from all human pluripotent stem cell (hPSC) lines expressed a-actinin, connexin-43, and ventricular myosin heavy
chain proteins. Representative images of hiPSC2 line. Scale bars = 100 um. (C): All hPSC lines gave a signal on the MEA platform, and the
beating rate was increased by isoprenaline (80 nM). Shown are representative images of the hiPSC3 line. (D): The number of beating areas in
one well with each hPSC line (left) and in hESC and hiPSC groups (right). Error bars show the SEM. *, p < .001. (E): Scatter plots (left) show the
number of Troponin T-positive cells in one well, and the columns (right) show the Troponin T-positive cells found in the hESC and hiPSC groups.
Error bars show the SEM. (F): Results of the gene expression analysis on Brachyury T and Nkx2.5 genes at the dO, d3, d6, d13, and d30 time
points during cardiac differentiation. The expression of genes was compared between hESC and hiPSC lines. In hiPSC lines the highest
expression of Brachyury T was detected on day 6, and it was significantly higher in hiPSC lines than in hESC lines (*, p < .003). Error bars show
the SEM. Abbreviations: c-43, connexin-43; d, day; hESC, human embryonic stem cell; hiPSC, human induced pluripotent stem cell; MEA,
microelectrode array; MHC, myosin heavy chain; RNA, quantitative polymerase chain reaction samples.
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Figure 4. Neuronal differentiation. (A):
Schematic presentation of the neural dif-
ferentiation protocol and experimental
design. (B): Results of the gene expression
analysis of OCT4, Musashi, and NF-68 at
the 0-, 4-, and 8-week time points. The ex-
pressions of the genes were compared be-
tween hESC and hiPSC lines. Columns rep-
resent an average of hESC (n = 3) and
hiPSC (n = 4) lines = SEM. Musashi week
8,p = .034; NF-68 weeks 4and 8, p = .002
and p = .01, respectively. *, p < .05,
Mann-Whitney U test. (C): Morphologies
of the cells derived from different cell
lines at the 8-week time point. hESC3-,
hiPSC1-, and hiPSC3-derived cells dis-
played mostly neuronal morphology
(thick arrows), whereas other cell lines
produced cells with flat epithelial cell-like
morphology (thin arrows). Scale bar =
100 um. (D): Immunocytochemical char-
acteristics of the differentiated cells. Neu-
ral precursor cell marker Nestin (red) and
neural marker MAP-2 (green) were both
detected in all the populations derived
from hESC and hiPSC lines. Cell cultures
derived from hESC3 and hiPSC3 lines were
detected with high amounts of MAP-2-

hiPSC4

hiPSC3

MAP-2/Nestin

Electrophysiological Properties of Neuronal Networks

As previously described [27], the first form of electrical activity
detected from the neuronal networks was single spikes, whereas
the mature neuronal networks displayed bursts containing mul-
tiple spikes simultaneously on several electrodes (supplemental
online Fig. 8). The cell lines with the highest neural differentia-
tion efficiencies based on morphological and immunocytochem-
ical characterizations (hESC3 and hiPSC3) displayed burst-activ-
ity within 3 weeks in MEA culture. The spontaneously active
bursting neuronal networks were routinely recorded from
hESC3- and hiPCS3-derived cultures. The neuronal networks
formed by the other cell lines displayed activities varying from
single spikes to bursts.
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positive cells at both time points, whereas
clearly fewer MAP-2-positive cells could
be detected from the cultures of hESC1
and hiPSC4. The number of Nestin-posi-
tive cells decreased within all the cell lines
from 4 to 8 weeks. Scale bar = 100 um.
Abbreviations: Cell-IQ, time-lapse imag-
ing; hESC, human embryonic stem cell;
hiPSC, human induced pluripotent stem
cell; ICC, immunocytochemistry; MAP-2,
microtubule-associated protein 2; MEA,
microelectrode array; NF-68, Neurofila-
ment-68; RNA, quantitative polymerase
chain reaction samples; wk, week.

hiPSC4

RPE Differentiation

The hESC and hiPSC1-hiPSC5 lines were differentiated into RPE cells
according to a previously reported protocol, which is based on sponta-
neous differentiation in EB-like cultures [8]. The differentiation protocol
and analyses are summarized in Figure 5A. The RPE differentiation po-
tential of the cell lines was studied by monitoring the appearance of the
first pigmented cells emerging in the cultures. In addition, the percent-
age of cell clusters containing pigmented cells was counted on day 28
after initiation of differentiation.

All the examined cell lines produced pigmented cells on av-
erage within 22 days after initiation of differentiation (Fig. 5B).
hESC lines produced pigmented cells on average 2 days earlier
than hiPSC lines. The first pigmented cells were detected on day

©AlphaMed Press 2013
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Figure 5. Retinal pigment epithelial (RPE) differentiation. (A): Schematic representation of the RPE differentiation protocol and experimental
design. (B): Appearance of the first pigmented cells in the cultures at the beginning of RPE differentiation. Columns are representing an
average of two to four independent experiments (n) = SEM. Shown are hESC1 (n = 4), hESC2 (n = 4), hESC3 (n = 3), hiPSC1 (n = 4), hiPSC2
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2/704. (D): QPCR analysis for expression of genes marking key stages of human pluripotent stem cell differentiation (OCT4) into pigment-
producing cells (MITF) and subsequently into RPE-like cells (BEST1 and RLBP1). The columns show the average fold change from at least two

hESC1 hESC2 hESC3 hiPSC1 hiPSC2 hiPSC3 hiPSC4

©AlphaMed Press 2013 STEM CELLS TRANSLATIONAL MEDICINE



Toivonen, Ojala, Hyysalo et al.

91

Table 1. Differentiation potential of individual human pluripotent
stem cell lines

Ectodermal lineage

Cell Endodermal lineage: Mesodermal

line hepatocyte lineage: cardiac Neuronal RPE
hEsC1 ++ +++ + +
hESC2 ++ ++ ++ ++
hESC3 +++ + +++ 4+
hiPsc1 ++ + ++ +
hiPsc2 +++ ++ ++ +++
hiPSC3 ++ ++ +++  ++
hiPSC4 + + + +
hiPSC5 +++ +++

Shown is the differentiation efficiency of the cell lines based on the
rate of albumin secretion (hepatocyte), number of beating
cardiomyocytes (cardiac), morphological and immunocytochemical
criteria (neural), and rate of pigmentation (retinal pigment epithelial).
+ indicates lower differentiation potential than average, + + indicates
average differentiation capacity, and ++ + indicates excellent
differentiation capacity.

Abbreviations: hESC, human embryonic stem cell; hiPSC, human
induced pluripotent stem cell; RPE, retinal pigment epithelial.

13 (hESC3). On day 28, the highest proportion of pigmented cell
clustersin hESC lines was detected in hESC3 (31%) and the lowest
in hESC1 (11%) (Fig. 5C). Of the hiPSC lines, the best performer
was hiPSC2 (43%) and the weakest hiPSC1 (6%) (Fig. 5C). In a
groupwise comparison, none of the differences between the
hESC and hiPSC lines were statistically significant.

During differentiation, the expression of endogenous OCT4
decreased in all cell lines. However, it was higher in the hiPSC
than in the hESC lines on day O (p = .03) and day 52 (p < .001)
(Fig. 5D). Expression of the selected differentiation markers
MITF, BEST1, and RLBP1 increased in all cell lines during differ-
entiation. In a comparison of hESC and hiPSC lines, the pigment
cell marker MITF was higher in hESC on day 52 (p = .011) (Fig.
5D). The more RPE-specific markers BEST1 and RLBP1 appeared
higher on d82 in the hiPSC lines, but the differences were not
statistically significant (Fig. 5D). The Sendai-virally derived
hiPSC5 line was characterized only partially, but it also differen-
tiated into pigmented epithelium with cobblestone morphology
and bestrophin-1immunoreactivity (Fig. 5F). At the protein level,
all cell lines expressed MITF and bestrophin-1 proteins. The high-
est proportion of MITF-positive cells in hESC lines was detected
in hESC2 (72%) and the lowest in hESC1 (69%). The results were
less reproducible in the hiPSC lines (Fig. 5G). Bestrophin-1-posi-
tive cells tended to be more abundant in the hiPSC than the hESC
lines (Fig. 5G), and the results correlated with BEST1 gene ex-
pression and also with the rate of pigmentation.

When analyzed comprehensively, it appears that the hESC lines
(particularly hESC1 and hESC3) displayed variable propensities for
mesodermal versus ectodermal differentiation. The same cell lines
differentiated consistently more efficiently in the ectodermal (neu-
ronal and RPE) directions or mesodermal (cardiac) direction. How-
ever, none of the induced pluripotent stem cell (iPSC) lines showed
such preferential differentiation capacity (Table 1).

DISCUSSION

We studied the differentiation capacity of three hESC and five hiPSC
lines. The four retrovirally derived hiPSC lines were characterized in
detail using four well-established differentiation protocols and spe-
cific functional assays. Through this approach, we hope to elucidate
the true variability between human pluripotent stem cell lines with
respect to their most important characteristic: the ability to develop
into physiologically functional cell types.

To our knowledge, our study is the first to use four separate
extended differentiation protocols into derivatives of all germ layers
in a systematic comparison of hPSC lines. In this study most of the
cell lines showed no differentiation preference toward any specific
cell lineages but rather showed more or less differentiation poten-
tial toward all different cell types produced. Only two of the cell lines
(hESC1 and hESC3) had consistently more differentiation potential
toward specific lineages. hESC1 differentiated well into beating car-
diomyocytes and poorly into ectodermal lineages, and hESC3 had
the best ectodermal differentiation capacity but produced few
beating areas in cardiomyocyte differentiation. One reason for
these differences may be the fact that the cardiac (END2 coculture)
and neuronal (EB formation) protocols in this study are based more
on the spontaneous differentiation of the cells than the hepatocyte
protocol, which is based on guidance by specific growth factors. It is
likely that the genetic background of the cells plays a more crucial
role in the former than the latter situation.

Analysis of transgene expression showed that KLF4 was incom-
pletely silenced in hiPSC4 (Fig. 1A; supplemental online Fig. 2A),
suggesting that this cell line was only partially reprogrammed. The
retroviral transgenes are usually silenced as a late event of the re-
programming process [28] because of the activation of DNA [29]
and histone methyltransferases [12]. This process, however, is often
incomplete, resulting in partially reprogrammed cell lines [9, 30, 31].
This residual activity of viral transgenes in hiPSC-derived cells can
affect their developmental potential [9]. Partially incomplete repro-
gramming may explain the poor differentiation capacity of hiPSC4,
which was observed throughout this study.

All of the hESC and hiPSC lines differentiated efficiently into
early DE progenitors. However, when the DE cells were further
induced into HLCs some variability became evident. Although all
the hESC lines differentiated with approximately equal effi-
ciency, the iPSC lines were much more variable, ranging from
very poor (hiPSC4) to excellent (hiPSC2). This variation was not
correlated with the method used for hiPSC induction, and it is
unlikely that it would be due to the different donor age (neonatal
vs. adult). It has also been noted by others that there are differ-
ences in the timing of onset of expression of hepatocyte-specific
genes between different cell lines [7].

The cardiomyocyte differentiation protocol used in this
study produced beating areas from all the cell lines with variable
efficiency. Overall, cardiac differentiation on END-2 cocultures is
rather unspecific, and many other cell types besides cardiomyo-
cytes are also induced [32]. Normally, the highest peak of

independent experiments = SEM. *, p < .05; *#%, p < .001. Statistical analyses were performed with independent samples t test or
Mann-Whitney U test according to the sample set. (E): QPCR analysis for expression of BEST1 on d82 in each analyzed cell line. The columns
show the average fold change from at least two independent experiments = SEM. (F): Top row: Bestrophin-1 (BEST1) staining for cytospin
samples collected from hiPSC5-derived RPE cells. Bottom row: pigmented cells derived from hiPSC5 at d210 in passage 2. (G): Expression of
MITF and bestrophin-1 proteins on d82. Scatter plots show the percentage of positive cells from one or two independent experiments. The
total number of cells counted were as follows for MITF/bestrophin-1: hESC1, 326/274; hESC2, 351/337; hESC3, 466/454; hiPSC1, 184/202;
hiPSC2, 579/518; hiPSC3, 355/402; and hiPSC4, 288/269. Abbreviations: d, day; hESC, human embryonic stem cell; hiPSC, human induced
pluripotent stem cell; ICC, immunocytochemistry; Neg, negative; QPCR, quantitative polymerase chain reaction.
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Brachyury T expression is observed on day 3 in END-2 cocultures
[32], and the delayed expression peak leads to poor cardiac dif-
ferentiation efficiency [33, 34]. In this study, the expression peak
of Brachyury T was extended up to day 6 with hiPSCs, which was
associated with a lower lowest number of beating areas than in
hESCs. However, high variation in cardiac differentiation effi-
ciency was also detected between different passages/differenti-
ation experiments within the same cell line, indicating that the
cell line characteristics change over time in culture.

The neural differentiation protocol used here has been used
routinely with several hESC lines previously [35, 36]. Both hESC
and hiPSC lines were successfully differentiated toward neural
cells regardless of their origin. Previous studies have, however,
demonstrated the differences between the innate differentia-
tion propensities within hESC and hiPSClines [11, 16—18, 35] and
between hESC and hiPSC lines [6]. In contrast, two other studies
have suggested that in general, hESCs and hiPSCs have similar
differentiation capacity toward neural cells, but line-specific
variation can be detected in both groups [16, 17]. Our results
were more compatible with the latter view.

Electrophysiological properties are an essential aspect of the
characterization of neuronal cells. In the present study, all the
cell lines differentiated into neuronal networks that were able to
display some form of spontaneous electrical activity regarded as
a feature of functional neuronal networks [27, 37]. However,
obvious maturation stage-related functional variability was ob-
served. None of the gene or protein level markers of neuronal
differentiation directly correlated with the functional properties
of the derived neuronal networks. Thus, it is difficult to predict
the efficiency of a particular cell line to produce functional neu-
ronal networks without electrophysiological analyses.

Lastly, we differentiated the hPSCs into another ectodermal
cell type, RPE cells. During mammalian development, RPE is de-
rived from optic neuroepithelium by approximately the seventh
week of gestation [38], and RPE cell fate specification in vitro has
been shown to follow a time course reminiscent of normal reti-
nal development [39]. All the cell lines examined produced pig-
mented cells within 3 weeks after initiation of differentiation. On
average, hiPSC lines produced pigmented cells slightly more
slowly than hESC lines. This is compatible with the findings by
Meyer et al., who also reported longer differentiation times with
hiPSCs than hESCs [39]. hESC3 produced pigmented cells the
fastest. This cell line also produced eventually mature RPE cells.
Two hiPSC lines also produced mature RPE cells, suggesting that
the time of pigment appearance is not a crucial factor for the
later maturation of RPE cells.

Consistent reactivation of the OCT4 transgene was observed in
all retrovirally induced hiPSC lines during RPE differentiation (Fig.
1B; supplemental online Fig. 2B). The reactivation was most dra-
matic in hiPSC1. In addition, the NANOG and LIN28 transgenes were
also reactivated in hiPSC1 during the RPE differentiation. On the
contrary, transgene reactivation was not observed with the Sendai
virus-induced iPSC5 line (supplemental online Fig. 3). Interestingly,
hiPSC1 was differentiated successfully into both HLCs and cardiomy-
ocytes, and transgene reactivation was not seen during those exper-
iments. During RPE differentiation, hiPSC1 appeared to produce a
high number of MITF and bestrophin-1-positive cells. However,
hiPSC1-derived RPE cells peeled off from the culture membranes
easily, allowing only one successful experiment to be completed.
The RPE differentiation protocol is much (almost 3 months) longer
and more spontaneous than the other protocols, which could be
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one explanation for the difference. Obviously, these observations
raise concerns about the safety of hiPSCs that have integrated trans-
genes in their genome.

CONCLUSION

Part of the variation in the differentiation efficiency between the
individual hiPSCs could be explained by residual activity of viral
transgene KLF4 in hiPSC4 and the reactivation of several transgenes
during RPE differentiation. In contrast, the hiPSC line that was de-
rived through the nonintegrating Sendai virus technology differen-
tiated well into both HLCs and RPE cells and did not show signs of
transgene expression. Our study strongly suggests that many of the
“first-generation” retrovirally derived iPSC lines are hampered by
potential transgene reactivation, with specific effects on their fur-
ther differentiation properties. These findings highlight the need for
integration-free reprogramming technologies, resulting in trans-
gene-free iPSCs, which could also be potentially therapeutically ap-
plicable, unlike the retrovirally derived cells used in this study. Sev-
eral such technologies have been established, in addition to Sendai
viruses [40]: polycistronic minicircle vectors [41], PiggyBac trans-
posons [42], and modified mRNA-based [43] or protein transduc-
tion-based methods [44]. Future studies should focus on nontrans-
genic iPSC lines generated through these methods.
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Abstract

Human pluripotent stem cells (hPSCs), including human embryonic stem cells (hESCs) and human induced pluripotent stem
cells (hiPSCs), are capable of differentiating into any cell type in the human body and thus can be used in studies of early
human development, as cell models for different diseases and eventually also in regenerative medicine applications. Since
the first derivation of hESCs in 1998, a variety of culture conditions have been described for the undifferentiated growth of
hPSCs. In this study, we cultured both hESCs and hiPSCs in three different culture conditions: on mouse embryonic
fibroblast (MEF) and SNL feeder cell layers together with conventional stem cell culture medium containing knockout serum
replacement and basic fibroblast growth factor (bFGF), as well as on a Matrigel matrix in mTeSR1 medium. hPSC lines were
subjected to cardiac differentiation in mouse visceral endodermal-like (END-2) co-cultures and the cardiac differentiation
efficiency was determined by counting both the beating areas and Troponin T positive cells, as well as studying the
expression of OCT-3/4, mesodermal Brachyury T and NKX2.5 and endodermal SOX-17 at various time points during END-2
differentiation by g-RT-PCR analysis. The most efficient cardiac differentiation was observed with hPSCs cultured on MEF or
SNL feeder cell layers in stem cell culture medium and the least efficient cardiac differentiation was observed on a Matrigel
matrix in mTeSR1 medium. Further, hPSCs cultured on a Matrigel matrix in mTeSR1 medium were found to be more
committed to neural lineage than hPSCs cultured on MEF or SNL feeder cell layers. In conclusion, culture conditions have a
major impact on the propensity of the hPSCs to differentiate into a cardiac lineage.
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Introduction

Human pluripotent stem cells (hPSCs) include human embry-
onic stem cells (hESCs) and human induced pluripotent stem cells
(hiPSCs). hPSCs are able to self-renew and to differentiate into any
human cell type; therefore, they can be used as a cell model to
study embryology and disease pathophysiology. hPSCs have
additional utility in drug screening applications and as a cell
source for regenerative medicine in the future. Since the first
derivation of a hESC line in 1998 on a mouse embryonic
fibroblast (MEF) feeder cell layer [1], many hPSC culture methods
based on different human feeder cell layers [2,3], autologous
feeder cells [4,5], feeder cell-free [6-10] and suspension culture
techniques [11] have been developed and described. Feeder cells
provide appropriate cell contacts, various growth factors and
extracellular matrix (ECM) proteins that are required for the
undifferentiated growth of hPSCs. Animal-derived feeder cells and
other animal components used in hPSC culture conditions contain
animal proteins and other nonhuman molecules which could be
transmitted to hPSCs during culture [12,13]. Because the ultimate
aim of hPSC research is to use the cells in regenerative medicine
applications, culture conditions are being optimized in the xeno-
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free direction. In addition, culturing feeder cells is very laborious
and time-consuming, and for the regenerative medicine applica-
tions, a large number of hPSCs are needed. Therefore the research
is aiming at developing both xeno- and feeder cell-free cultures. In
feeder cell-free culture methods, the feeder cells are replaced by
Matrigel, which is a basement membrane extract from mouse
tumor cells, or by ECM proteins such as laminin, collagen and
fibronectin [6-10]. Despite the tremendous effort made to
optimize hPSC culture conditions, a universal and reliable, xeno-
and feeder-free culture method remains to be discovered.

Each individual hESC line has a unique gene expression profile
[14,15] and thus the self-renewal and differentiation capabilities
vary among the different cell lines [16,17]. According to recent
reports, hiPSC lines are even more variable and more prone to
genomic alterations than hESCs [18-21]. In addition to the
differences among individual hPSC lines, differences in culture
conditions also have a considerable influence on the gene
expression profile and subsequent characteristics of hPSCs. For
example, serum- and feeder cell-free culture conditions, as well as
the processes of enzymatic passaging and culturing of hPSCs in
physiological normoxia (2%), have been found to alter the gene
expression profile and epigenome of hPSCs [22-24].
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Efficient cardiac differentiation methods are needed to produce
large numbers of human cardiomyocytes for research purposes
and for future regenerative medicine applications. Due to the
unique gene expression profile and variable differentiation
potential of each individual hPSC line, it may be challenging to
develop a universal cardiac differentiation protocol that is
applicable and efficient for all or even the majority of hPSC lines.
Thus, it has been proposed that individual hPSC lines may require
optimization of the cardiac differentiation conditions [25]. We
hypothesized that in addition to cardiac differentiation methods,
the hPSC culture method, in which cell lines are cultured prior to
differentiation, may also have a significant impact on the cardiac
differentiation potential of individual hPSC lines. In this study, the
impact of three different culture methods for cardiac differentia-
tion of hPSCs were compared: MEF and SNL feeder cell layers
combined with conventional stem cell culture medium containing
knockout serum replacement (ko-SR) and basic fibroblast growth
factor (bFGF), and a Matrigel matrix combined with commercial
mTeSR1 medium.

Results

The morphology of the pluripotent stem cell colonies
varies with the culture conditions

In this study, a single hESC line (H7) and four hiPSC lines
(UTA.00112.hFF, UTA.04602.WT, UTA.00525.LQT2 and
UTA.00106.hFF) were cultured with three different culture
methods: MEF and SNL feeder cell layers combined with
conventional stem cell culture medium and Matrigel matrix
combined with mTeSR1 medium, and subjected into cardiac
differentiation in mouse visceral endodermal-like cell (END-2) co-
cultures. The experimental design is presented in Figure 1A. hPSC
lines cultured in different conditions were characterized by the
morphology of the colonies, immunocytochemical staining and
embryoid body (EB) formation (Figure 1). All cell lines attached
well to both MEF and SNL feeder cell layers and to Matrigel
matrix after passaging, while the morphology of the colonies
varied under different culture conditions. On MEF feeder cells, the
colonies were thick and small, while on SNL feeders and on
Matrigel the colonies were large and thin and thus needed to be
passaged more often than hPSCs cultured on MEF feeders
(Figure 1B). It was difficult to adapt the H7 and UTA.00112.hFF
cell lines to the Matrigel matrix in mTeSR1 medium because of
the spontaneous neural differentiation. The H7 cell line was lost
once and the adaptation had to be started from the beginning, and
the UTA.00112.hFF cell line had to be cultured for 12 passages on
Matrigel before enough cells were generated for the cardiac
differentiation. However, all hPSC lines cultured at least for 14
passages in all three conditions expressed markers typical of
undifferentiated hPSCs (Nanog, octamer-binding transcription
factor 3/4 (OCT-3/4) and stage-specific embryonic antigen 4
(SSEA-4)), which were detected by immunocytochemical staining
(Figure 1B). The pluripotency of the H7, UTA.00106.hFF and
UTA.00525.LQT2 cell lines, cultured in all three conditions, was
verified by EB formation and the EBs expressed at least one
marker from all three germ layers (Figure 1C).

Pluripotent stem cells from all culture conditions
differentiate into cardiomyocytes

hPSC lines cultured in all three culture conditions were
differentiated into cardiomyocytes at least twice in END-2 co-
cultures (See Table 1 for the number of independent experiments).

hPSCs from MEF feeder cell layers formed uniform structures on
END-2 cells, while hPSCs from SNL feeder cells formed irregular
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structures consisting of both cystic structures and uniform areas.
Cells, which were cultured on Matrigel in mTeSR1 medium prior
the differentiation, formed large, thick and uniform structures on
END-2 cells (data not shown). Interestingly, microtubule associ-
ated protein 2 (MAP-2) expressing neural-like cells and bundles of
nerve fibers were occasionally observed in END-2 co-cultures of all
cell lines previously cultured on Matrigel in mTeSR1 medium.
These structures were not detected in hPSCs originally cultured on
MEF or SNL feeder cell layers.

hPSC lines cultured in all three culture conditions differentiated
mto cardiomyocytes and expressed Troponin T, myosin ventric-
ular heavy chain o/ (MHC) and o-actinin (Figure 2A). Differ-
entiation efficiency was evaluated by determining the amount of
Troponin T positive cells in cytospin experiments on day 20 and
by determining the number of beating areas at the end of
differentiation on day 30. There was considerable variability
observed in cardiac differentiation efficiency among the different
hPSC lines. The highest number of beating areas was found in the
H7 and UTA.00106.hFF cell lines while UTA.04602.WT,
UTA.00525.LQT2 and UTA.00112.hFF produced fewer beating
areas (Figure 2B).

Two hPSC lines (H7 and UTA.00525.LQT2) produced the
highest number of beating areas when they were cultured on a
MEF feeder cell layer prior to differentiation and one hPSC line
(UTA.00106.hFF) when cultured on an SNL feeder cell layer
(Figure 2B). In the H7 cell line, the number of beating areas was
significantly lower on Matrigel when compared to SNL (p = 0.002)
or MEF (p<<0.001) feeder cell layers. UTA.00525.LQT?2 produced
the highest number of beating areas when cultured on a MEF
feeder cell layer, and the number was significantly higher that on
Matrigel (p=0.017) (Figure 2B). In the UTA.00106.hFF cell line,
the number of beating areas was highest in cells cultured on an
SNL feeder cell layer prior to differentiation (p<<0.001). Taken
together, three cell lines produced the highest number of beating
areas when cultured on mouse feeder cell layers prior the
differentiation. The UTA.04602.W'T cell line was an exception,
and the number of beating areas was significantly higher in cells
taken from Matrigel cultures than from MEF feeder cell cultures
(p=0.015). The UTA.00112.hFF cell line had a very poor
differentiation capacity and produced only a few beating areas
overall, and there were no significant differences among the
different culture conditions.

The highest number of Troponin T positive cells was found in
cells originating on MEF feeder cell layers, while the number of
Troponin T positive cells was lowest in cells originating on
Matrigel (p=0.012) (Figure 2C). The amount of Troponin T
positive cells for each hPSC line is presented in Figure 2D.
Although the total number of cytospin experiments was quite low,
the results were consistent with the number of beating areas
counted.

The expression of developmental markers varies in cells
cultured in different conditions

RNA samples were collected from undifferentiated cells at the
beginning of cardiac differentiation (day 0) and from END-2 co-
cultures on days 3, 6, 12 and 30 during two individual
differentiation experiments of the H7, UTA.00112.hFF and
UTA.04602.WT cell lines. The expression of the marker for
pluripotent stem cells (OC7-3/4), the mesodermal markers (7,
brachyury homolog (Brachyury T) and NRZ homeobox 5 (NKX2.5)), and
the endodermal marker (Sex determining region ¥-box 17 (SOX-17))
were analyzed in the samples.

OCT-3/4 expression progressively declined during END-2 co-
culture in all culture conditions (Figure 3A). On Matrigel, the
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Figure 1. hPSCs were cultured with three different culture methods. A) Schematic presentation of cardiac differentiation in END-2 co-culture
and the experimental design. hPSC = human pluripotent stem cell, END-2 = mouse visceral endodermal-like cells. Scale bars, 200 pm. B) All five hPSC
lines cultured on MEF and SNL feeder cell layers in conventional stem cell culture medium and on Matrigel in mTeSR1 medium at least for 14
passages formed undifferentiated colonies, which expressed pluripotency markers Nanog, OCT-3/4 and SSEA-4. Representative images of
UTA.00112.hFF (phase contrast microscope images) and H7 (immunofluorescence images) cell lines are presented. Scale bars, 200 um. C) H7,
UTA.00106.hFF and UTA.00525.LQT2 cell lines cultured in all three culture conditions (in figure: first band MEF, second band SNL, third band Matrigel)
formed embryoid bodies (EBs) expressing markers from all germ layers: ectoderm (PAX-6 and SOX-1), endoderm (AFP and SOX-17) and mesoderm (a-
cardiac actin and KDR).

doi:10.1371/journal.pone.0048659.g001

OCT-3/4 expression was significantly higher than on MEF and p =0.004; SNL vs. Matrigel, p=0.018). On day 6, the expression
SNL feeder cell layers on day 0 (MEF vs. Matrigel, p=0.003; and of OCT-3/4 was significantly higher in cells taken from Matrigel
SNL vs. Matrigel, p=0.009) and on day 3 (MEF vs. Matrigel, than those from MEF feeder cell layers (p=0.007). Thus, the
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expression of OCT-3/4 persisted for a longer time in hPSCs
cultured on Matrigel as opposed to MEF or SNL feeder cell layers
(Figure 3A).

In cells originating on MEF or SNL feeder cell layers, the peak
level of Brachyury T expression was observed on day 3, while cells
originating on Matrigel showed peak Brachyury T expression later
on day 6 (Figure 3B). The highest expression level of Brachyury T
was observed on day 3 in cells cultured on a MEF feeder cell layer
prior to differentiation (MEF vs. SNL, p=0.004; MEF vs.
Matrigel, p<0.001). On day 3, the expression of Brachyury T in
cells originating on Matrigel was significantly lower than the
expression level in cells cultured on MEF (p<<0.001) or SNL
(p=0.016) feeder cell layers. On day 6 and 12, the expression of
Brachyury T was significantly higher in cells cultured on Matrigel
than those cultured on MEF (day 6, p =0.040; day 12, p=0.001)
or SNL (day 6, p=0.009; day 12, p=0.001) feeder cell layers
prior to differentiation.

The expression of endodermal SOX-/7 was similar when
compared to mesodermal Brachyury T expression (Figure 3C).
The highest level of SOX-17 expression was found in cells
originating on MEF feeder cell layers on day 3. SOX-17 peaked
on day 3 in cells cultured on MEF and SNL feeder cell layers,
whereas the peak level of SOX-17 expression in cells cultured on
Matrigel was observed on day 6. On day 3, SOX-17 expression in
cells originating on Matrigel was significantly lower than in cells
cultured on MEF (p<<0.001) or SNL (p =0.001) feeder cell layers,
while on day 6, SOX-17 expression was significantly higher in cells
originating on Matrigel than on an SNL feeder cell layer
(p=0.016).

The highest expression of NAEX2.5 was observed on day 3 in
cells from SNL feeder cells, and it was significantly higher
(p =0.047) than expression levels in cells cultured on Matrigel. On
day 12, the situation was just the opposite, in that the expression of
NEX2.5 was higher in cells originating on Matrigel than on MEF

PLOS ONE | www.plosone.org

Table 1. Cell lines and their passages used in this study.
Passage during differentiation experiments

Culture
Cell line condition 1. 2. 3. 4. 5. 6. TNE TNW
H7 MEF 44 51 55 47 51 57 6 105
H7 SNL 44(6)* 53(15) - 49(6) 53(10) 63(20) 5 67
H7 Matrigel 50(6) 59(15) - 48(5) 53(10) 60(17) 5 89
UTA.00112.hFF MEF - - - 15 18 22 3 48
UTA.00112.hFF SNL - - - 16(5) 21(10) 25(14) 3 42
UTA.00112.hFF Matrigel - - - 23(12) 26(15) 29(18) 3 54
UTA.04602.WT MEF = = = 35 40 44 3 51
UTA.04602.WT SNL - - - 37(5) 48(16) 52(20) 3 46
UTA.04602.WT Matrigel = = = 37(5) 47(15) 51(19) 3 45
UTA.00525.LQT2 MEF 45 33 37 - - - 3 36
UTA.00525.LQT2 SNL 44(6) 53(15) = = = = 2 18
UTA.00525.LQT2 Matrigel 44(6) 53(15) - - - - 2 30
UTA.00106.hFF MEF 24 30 34 - - - 3 40
UTA.00106.hFF SNL 23(6) 32(15) - - - - 2 25
UTA.00106.hFF Matrigel 23(6) 32(15) - - - = 2 31
*The passages, indicating for how long hPSCs were cultured in SNL and Matrigel conditions, are given in parenthesis.
TNE = Total number of experiments.
TNW = Total number of wells from which the beating areas were counted.
doi:10.1371/journal.pone.0048659.t001

(p=0.018) or SNL (p<<0.001) feeder cell layers. On day 30,
NEX2.5 expression was significantly higher in cells originating on
MEF than on SNL feeder cell layers or Matrigel (p<<0.001 for both
conditions).

PSA-NCAM positive cells can be detected in all culture
conditions

All five hPSC lines cultured in all three conditions were
analyzed with cytometric analysis of pluripotency marker tumor-
related antigen (TRA)-1-81 and polysialylated-neural cell adhesion
molecule (PSA-NCAM), which is mainly expressed in embryonic
and neonatal neural tissue. PSA-NCAM positive cells could be
detected from all hPSC culture conditions (Figure 4A-B). The
lowest amount of PSA-NCAM positive cells about 2.5% was found
in MEF cultures, while in SNL and Matrigel cultures the amount
of PSA-NCAM positive cells was about 11%. H7 and
UTA.00112.hFF cell lines had the highest amount of PSA-NCAM
positive cells in  Matrigel cultures, UTA.00106.hFF and
UTA.00525.LQT2 in SNL cultures and UTA.04602.WT cell
line in MEF cultures. In general, the amount of TRA-1-81 positive
cells positive cells correlated with the amount of PSA-NCAM
positive cells. It was highest in MEF cultures and lowest in SNL
and Matrigel cultures (Figure 4A). In all hPSC lines, the amount of
TRA-1-81 positive cells was highest in MEF cultures indicating the
superiority of MEF feeder layer over SNL feeders and Matrigel in
maintaining the pluripotency of hPSCs. PSA-NCAM positive cells
were not detected in MEF cultures in immunocytochemical
stainings, while on SNL feeder cell layers and on Matrigel cultures
PSA-NCAM positive cells were detected. Example of TRA-1-81
and PSA-NCAM positive cells and immunocytochemical staining
with PSA-NCAM antibody are presented in Figure 4C for H7 cell
line. H7 cell line is widely used in cardiac differentiation
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Figure 2. All hPSC lines cultured with different culture methods differentiated into cardiomyocytes with varying efficiencies. A)
Cardiomyocytes derived from hPSCs cultured in all three culture conditions expressed Troponin T, myosin ventricular heavy chain o/p (MHC) and a-
actinin. Representative images from H7 and UTA.00112.hFF cell lines. Scale bars, 200 um. B) The columns show the average amount of beating areas
in one well with different hPSC lines cultured in all three culture conditions. The number of wells from which beating areas were counted in different
conditions for each cell line can be found in Table 1. In figure where all hPSC lines are collected into one histogram, the columns show the average
amount of beating areas in one well of all cell lines (MEF n =280, SNL n =198, Matrigel n =249). Error bars show the standard error of the mean (SEM).
** p<<0.01, * p<0.05. Representative image of secondary antibody control is from H7 cell line cultured on Matrigel prior differentiation. Scale bar,
200 pum. C) Scatter plot show the amount of Troponin T positive cells in one well of all hPSC lines collected together in different conditions. The
amount of Troponin T positive cells was significantly higher on MEF feeder cell layers than on Matrigel (p=0.012). D) The scatter plot show the
amount of Troponin T positive cells in one well separately for each cell line cultured in all three culture conditions.
doi:10.1371/journal.pone.0048659.9002

experiments and it had the best cardiac differentiation efficiency of
all hPSC lines used in this experiment.

Neural cells are more abundant in Matrigel cultures than
in feeder cultures

On Matrigel matrix combined with mTeSR1 medium, hPSCs
tended to differentiate into neural-like cells, which was observed
primarily along the edges of the undifferentiated hPSC colonies
(Figure 5A). Neural-like cells were observed occasionally in all cell
lines cultured on Matrigel in mTeSR1 medium and two hPSC
lines H7 and UTA.00112.hFF were hard to adapt on Matrigel
because of the neural differentiation. The H7 cell line was hard to
maintain on Matrigel in mTeSR1 medium, and as a result of
differentiation into neural-like cells, the H7 cell line was lost after 7
passages in culture. At first, there were only a few neural-like cells
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observed in the culture, but the number of neural cells expanded
during the culture period, even though the differentiated areas
were carefully removed before passaging the cells. Finally, only
colonies with MAP-2 expressing, rosette-like structures (Figure 5A—
B) and neural-like cells (Figure 5C) were observed in the cultures.
H7, UTA.00112.hFF, UTA00525.LQT2 and UTA.04602.WT
cell lines cultured in all three culture conditions were characterized
by immunocytochemical staining with MAP-2. Only a few MAP-2
positive cells were found in SNL and MEF cultures, but none were
found to the same extent as in cells cultured on Matrigel in
mTeSR1 medium (Figure 5E). On SNL feeders, the only MAP-2
positive cells were found from H7 cell line and on MEF feeders
from UTA.00525.LQT?2 cell line (Figure 5E).

The expression of ectodermal PAX-6, Musashi and Neurofilament
68 (NF-68) was measured by g-RT-PCR in cells cultured for 0, 3,
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Figure 3. The expression profiles of OCT-3/4, Brachyury T, SOX-17 and NKX2.5in END-2 co-cultures. A) The expression of OCT-3/4 in END-2
co-cultures originating from Matrigel decreased slower than in MEF and SNL feeder cell layer. B) The expression of Brachyury T peaked on day 3 in
END-2 co-cultures originating from MEF and SNL feeder cell layers, while from Matrigel the peak was delayed to day 6. C) The expression of SOX-17
behaved in the same way than Brachyury T expression. SOX-17 peaked on day 3 in END-2 co-cultures originating from MEF and SNL feeders, while in
co-cultures originating from Matrigel, the SOX-17 peak was delayed to day 6. D) The expression of NKX2.5 was highest on MEF feeder cell layers in the
end of END-2 co-culture. The data is collected from two individual differentiation experiments of H7, UTA.00112.hFF and UTA.04602.WT hPSC lines
(n=6 in all three conditions). Error bars show the standard error of the mean (SEM). ** p<0.01, * p<<0.05.

doi:10.1371/journal.pone.0048659.9g003
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Figure 4. The amount of TRA-1-81 and PSA-NCAM positive cells in hPSC cultures. A) The amount of TRA-1-81 positive cells was higher and
the expression of PSA-NCAM positive cells was lower in MEF feeder cultures than in SNL or Matrigel cultures. Columns show the average of TRA-1-81
and PSA-NCAM positive cells of all hPSC lines cultured in three different conditions (MEF n=16, SNL n=20 and Matrigel n=15). Error bars show the
standard error of the mean (SEM). B) The amount of TRA-1-81 and PSA-NCAM cells for each hPSC lines cultured in all three conditions. C) Examples of
TRA-1-81 and PSA-NCAM expressions in H7 cell line in all three conditions. Dot plots show the determination of hPSC population and histograms
show the percentage of TRA-1-81 and PSA-NCAM positive cells. Unstained cells were used for background determination (white). The highest amount
of PSA-NCAM positive cells in immunocytochemical stainings were found on Matrigel. PSA-NCAM positive cells were not detected on MEF feeder cell
cultures. Scale bars, 200 um.

doi:10.1371/journal.pone.0048659.g004

6, 12 and 30 days in END-2 co-cultures (Figure 5F-H). Samples day 30 (Figure 5F). However, the expression of PAX-6 in cells
were collected during two individual differentiation experiments of originating from Matrigel was significantly higher than on MEF of
the H7, UTA.00112.hFF and UTA.04602.WT cell lines. The SNL feeder layers on day 3 (Matrigel vs. MEF p<<0.001, Matrigel
expression of PAX-6 increased in all conditions from day O to vs. SNL p<<0.001), 6 (Matrigel vs. MEF p<<0.001, Matrigel vs.
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Figure 5. The expression of neural markers was highest in hPSCs originating from Matrigel. A) H7 cell line was hard to adapt on Matrigel
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medium. Finally, uneven neural rosette-like structures were formed in the colonies and the cell line was lost. B) Uneven neural rosette-like structures

SNL

Matrigel

PLOS ONE | www.plosone.org 8 October 2012 | Volume 7 | Issue 10 | e48659



Culture Conditions Affect Cardiac Differentiation

found in colonies of H7 cell line cultured on Matrigel in mTeSR1 medium stained with MAP-2. C) MAP-2 expressing neural-like cells and structures
were found on Matrigel in mTeSR1 medium in all hPSC lines. Representative image of UTA.04602.WT cell line. D) MAP-2 expressing neural structures
appeared also in END-2 co-cultures when hPSCs originated from Matrigel and mTeSR1 cultures with all hPSC lines. Representative image of H7 cell
line. Scale bars, 200 pm. E) The highest amount of MAP-2 positive cells were found in Matrigel cultures. Scale bars, 200 um. The expression of PAX-6
(F), Musashi (G) and Neurofilament (NF-68) (H) in END-2 co-cultures was significantly higher in cells originating from Matrigel and mTeSR1 medium
than from MEF or SNL feeder cell layers almost in all time points. The data is collected from two individual differentiation experiments of H7,
UTA.00112.hFF and UTA.04602.WT hPSC lines (n=6 in all three conditions). Error bars show the standard error of the mean (SEM). ** p<0.01, *

p<<0.05.
doi:10.1371/journal.pone.0048659.9005

SNL p<<0.001) and 30 (Matrigel vs. MEF p<<0.001, Matrigel vs.
SNL p<<0.001). On day 30 the expression of PAX-6 was about
7 times higher in cells originating from Matrigel than from feeder
cell layers. The expression of Musashi (Figure 5G) and NF-68
(Figure 5H) remained stable in cells originating on MEF and SNL
feeder cell layers. The expression of AMusashi was significantly
higher in all time points in cells originating from Matrigel than
from MEF or SNL feeder cell layers (p<<0.001) (Figure 5G). There
were no significant differences between MEF and SNL feeder cell
layers in the expression of Musashi. The expression of NF-68
increased steadily from day 0 to day 30 (Figure 5H): day O
(Matrigel vs. MEF, p<<0.001; Matrigel vs. SNL, p=0.003); day 3
and day 6 (p<<0.001 for both conditions); day 12 (Matrigel vs.
MEF, p=0.002; Matrigel vs. SNL, p=0.005) and day 30
(p<<0.001 for both conditions). Interestingly, MAP-2 expressing
neural-like cells and nerve bundles could also be detected in END-
2 co-cultures when hPSCs were cultured on Matrigel prior to
differentiation (Figure 5D). These structures were not found in
END-2 co-cultures originating from mouse feeder cell layers.

Discussion

Several studies have evaluated the pluripotent and undifferen-
tiated growth of hPSCs in serum-, xeno- and feeder cell-free
conditions [26-29]. Previously we have shown that MEF feeder
cells support cardiac differentiation better than human foreskin
fibroblast (hFF) feeder cells [30]. In this study, we cultured hPSCs
with three different culture methods: on MEF [1] and on SNL
[31] feeder cell layers combined with conventional ko-SR and
bFGF containing stem cell culture medium and on Matrigel with
mTeSR1 medium [9], and evaluated the influence of the culture
method on the cardiac differentiation potential of hPSCs. The
cardiac differentiation efficiency varied between hPSC lines and
separate differentiation experiments. In general our results suggest
that hPSCs cultured on MEF and SNL feeder cell layers together
with conventional stem cell culture medium are more prone to
cardiac differentiation than hPSCs cultured on Matrigel combined
with mTeSR1 medium, with one cell line UTA.04602.WT as an
exception.

In this study, all hPSC lines differentiated into cardiomyocytes,
but the differentiation efficiency varied considerably depending on
the individual cell line, separate differentiation experiments and on
the conditions under which the cell lines had been cultured prior
to differentiation. Each hPSC line has a unique gene expression
profile and thus vary in their cardiac differentiation potential [32].
In addition, it has been shown that hPSC lines change over time in
culture due to genomic alterations [20]. For example enzymes
used in hPSC passaging might have an effect to the pluripotent
growth of hPSCs [22]. In our study the same enzymes which were
used as in the original publications of the culture methods. The
highest cardiac differentiation efficiency was observed in cells
cultured on MEF or SNL feeder cell layers together with stem cell
culture medium and the lowest in cells cultured on Matrigel in
mTeSR1 medium. However, one cell line UTA.04602.W'T was an
exception and produced the highest amount of beating areas when
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cultured previously on Matrigel in mTeSR1. We characterized the
starting population of hPSCs in all three conditions with flow
cytometric analysis of TRA-1-81 and PSA-NCAM to determine
the amount of pluripotent cells and if more cells were already
committed to ectodermal lineages in some culture condition. The
amount of PSA-NCAM positive cells was lower and the amount of
TRA-1-81 positive cells was higher on MEF feeder cell cultures
than in SNL feeder cell cultures and Matrigel cultures, indicating
the superiority of MEF feeders in maintaining the pluripotency of
hPSCs.

Mouse feeder cells express high levels of Activin A and low
levels of bone morphogenetic protein 4 (BMP-4), which together
have been reported to induce cardiac differentiation [33-35].
Normally, the peak Brachyury T expression is observed on day 3 in
END-2 co-cultures [36]. Previously, we showed that peak Brachyury
T expression was delayed to day 6 in cells cultured on hIF feeder
cell layers [30]. The delayed peak of Brachyury T expression has
been shown to lead to poor cardiac differentiation efficiency [37].
In this study, the expression peak of Brachyury T in cells cultured on
Activin A expressing MEF and SNL feeder cells prior the
differentiation was observed on day 3 and the peak Brachyury T
expression was delayed to day 6 in cells cultured on Matrigel in
mTeSR1 medium. Furthermore, endodermal SOX-17 expression
has been shown to enhance the cardiac differentiation and should
peak on the same day on day 3 as Brachyury T [36,37]. The peak
SOX-17 expression was observed on day 3 in co-cultures
originating from MEF and SNL feeder cell layers while the
expression peak of SOX-77 in END-2 co-cultures originating on
Matrigel was delayed to day 6 in the same way than the expression
peak of Brachyury T. The delayed expression of Brachyury T and
SOX-17 might indicate that hPSCs grown on Matrigel in mTeSR1
medium need more time to the initiation of the differentiation to
mesodermal lineages. However, we counted the Troponin T
positive cells 20 days and the beating areas 30 days after the
initiation of END-2 co-culture and all our data suggest that hPSCs
cultured on MEF and SNL feeder cell layers were more prone to
cardiac differentiation than hPSCs cultured on Matrigel. The
delayed expression of Brachyury T and SOX-17 may be one reason
for differences in cardiac differentiation efficiencies. However, to
explain this phenomenon additional experiments are required.

Matrigel matrix together with mTeSR1 medium is widely used
in different laboratories, and several research groups have
reported this culture condition to maintain the undifferentiated
growth of hPSCis [8,9,26,27,38]. In these studies, the pluripotency
of hPSCs was confirmed by teratoma and EB formation and
analysis of the expression of markers specific to all three germ
layers present in these structures. Recently, Hudson and co-
workers adapted hESCs to Matrigel in mTeSR1 medium and
demonstrated that passaging the cells as single-cells prior to their
cardiac differentiation reduced the heterogeneity of the cell
population and enhanced cardiac differentiation [39]. However,
they cultured hESCs on Matrigel in mTeSR1 medium for only
one passage. To our knowledge, this is the first study reporting the
long-term effects of this culture method on cardiac differentiation.
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In this study, more MAP-2 positive cells could be detected in
long-term culture of hPSCs on Matrigel matrix together with
mTeSR1 medium than in MEF and SNL feeder cell cultures. The
expression of PAX-6, Musashi and NF-68 increased during END-2
co-culture in cells cultured on Matrigel in mTeSR1 medium prior
to differentiation, and the emergence of neuronal cells in END-2
co-cultures was confirmed by MAP-2 staining. Beqqali and co-
workers have reported that the expression of ectodermal genes in
the END-2 co-culture method is low when compared to
endodermal and mesodermal genes [36]. Erceg and co-workers
have described the efficient differentiation of hESCs into neural
lineages, using a mixed ECM protein (collagen IV, vitronectin and
fibronectin) coating together with TeSR1 [8] medium, in which
human serum albumin was replaced by Voluven [40]. In addition,
laminin is one of the major constituents of Matrigel [41,42], and
both Matrigel [43] and laminin are widely used as a matrix when
generating neuronal cells and their derivatives from hPSCs [44—
46]. In fact, Ma and co-workers tested five substrates, including
poly-D-lysine, fibronectin, laminin, collagen and Matrigel; and
they observed that laminin and laminin-rich Matrigel significantly
enhanced directed differentiation into neural progenitors and
neurons [44]. Axell and co-workers reported that hESCs cultured
on Matrigel were more efficient source of neural progenitors than
hESCs cultured on MEF feeder cell layers [45]. They assumed
that this was due to the fact that cells cultured on Matrigel were
already adapted to feeder cell-free cultures for 6-12 passages
before their transfer to neural differentiation conditions. In
addition to the neural differentiation inducing properties of
Matrigel, mTeSR1 medium contains high concentrations of
bFGF, transforming growth factor beta (TGF-f), gamma amino-
butyric acid (GABA), pipecolinic acid and lithium chloride [9].
Further, mTeSR1 medium contains a higher concentration of
insulin (0.023 g/1) than conventional stem cell culture medium
(0.01 g/1) and insulin has been suggested to inhibit cardiac
differentiation in END-2 co-cultures and actually redirecting the
differentiation from cardiac mesoderm and endoderm into
neuroectoderm [47]. The concentration of bFGF in mTeSR1
medium (100 ng/ml) is extremely high when compared to basic
stem cell culture medium (4 ng/ml), and mouse feeder cells do not
express bFGF [33]. In neural precursor media, the concentration
of bFGF is normally 10-20 ng/ml [43,48-51] and bFGF has been
found to play a role in the derivation, proliferation and
maintenance of the neural progenitor state [43,45,52]. Thus, it
1s possible that, together with the laminin found in Matrigel, some
of these factors: bFGF, TGF-B, GABA, pipecolinic acid, lithium
chloride and insulin somehow induce more neural differentiation
of hPSCs than differentiation to mesoendodermal lineages.

In our study, the expression of OCT-3/4 was significantly higher
in hPSCs cultured on Matrigel in mTeSR1 medium than on MEF
or SNL feeder cell layers. Retention of OCT-3/4 expression has
been observed in neural progenitor populations, and the rapid loss
of OCT-3/4 expression during neural progenitor differentiation
has been reported to induce hPSCs to develop into flattened
extraembryonic cells rather than neural cells [45,53,54]. In fact,
prolonged expression of OCT-5/4 could be required for the neural
differentiation while the rapid downregulation of OCT-5/4 may be
required to promote the formation of primitive endoderm that is
essential for mesodermal differentiation [53]. Our results suggest
that hPSCs cultured on Matrigel in mTeSR1 medium are more
prone to neural lineages as to mesoendodermal lineages after long-
term culture, and thus, the cardiac differentiation efficiency
remains low.

Here, we have studied the effects of hPSC culture methods on
the cardiac differentiation efficiency of hPSCs. Five hPSC lines
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cultured in three different culture conditions differentiated into
beating cardiomyocytes, but the differentiation efficiency varied
depending on the cell line, the specific differentiation experiment
conducted and most importantly on the different culture
conditions used. Mouse feeder cell layers (MEF and SNL) were
found to be superior to the Matrigel matrix used together with
mTeSR1 medium in inducing cardiac differentiation with one cell
line as an exception out of all five hPSC lines. In fact, more MAP-
2 expressing cells could be found in Matrigel and mTeSR1
cultures than from MEF and SNL feeder cell cultures. Our
suggestion is that, in addition to the specific differentiation
method, the hPSC culture method should also be optimized when
differentiating hPSCs into specific lineages. In addition, the
combination of culture conditions and differentiation conditions
might be important for cardiac differentiation. At least our results
show that mouse feeder cells should be used instead of Matrigel
and mTeSR1 medium in combination of END-2 differentiation
method.

Materials and Methods

Ethical issues

The study was conducted in accordance with the Ethics
Committee of Pirkanmaa Hospital District to establish, culture
and differentiate hESC and hiPSC lines (R08070, R05116). Skin
biopsies for hiPSC establishment were received from the Heart
Center, Tampere University Hospital. Patients donating skin
biopsies signed an informed consent form after receiving both an
oral and written description of the study.

Cell lines and cell culture

The hESC line H7 (46, XX) (WiCell Research Institute,
Madison, WI, USA) [1] and four hiPSC lines including
UTA.00112.hFF (46, XY) and UTA.00106.hFF from hFFs, and
UTA.04602.WT (46, XX) and UTA.00525.LQT2 (46, XY) from
adult human dermal fibroblasts were used in this study. hiPSC
lines were reprogrammed with four retroviral vectors (SOX-2,
OCT-3/4, KLF4 and C-MY() as described previously [55,56]. The
UTA.00106.hFF cell line was found to be karyotypically abnormal
with inversion in chromosome 12 (46, XY inv(12)). All five cell
lines were cultured for at least for 14 passages at +37°C and 5%
COy in three different culture conditions, as described below.

All hPSC lines used in this study were normally cultured on
mitomycin C treated MEF feeder cell layers (26000 cells/cm?)
(Millipore Corporate, Billerica, MA, USA) in stem cell culture
medium consisting of ko-DMEM (Invitrogen, Carlsbad, CA, USA)
supplemented with 20% ko-SR (Invitrogen), 1% non-essential
amino acids (NEAA, Cambrex Bio Science Inc., Walkersville,
MD, USA), 2 mM GlutaMax (Invitrogen), 50 U/ml penicillin/
streptomycin (Lonza Group Ltd, Basel, Switzerland), 0.1 mM 2-
mercaptoethanol (Invitrogen) and 4 ng/ml bFGF (R&D Systems
Inc., Minneapolis, MN, USA). The medium was changed three
times per week, and the cells were passaged enzymatically onto a
new MEF feeder cell layer once per week. The MEF feeder cell
layer was removed manually with a pipette tip before detaching
the hPSC colonies with 1 mg/ml Collagenase IV (Invitrogen).

All hPSC lines were cultured on irradiated (40 Gy) SNL 76/7
(HPA Culture Collections, Salisbury, UK) feeder cell layers (29000
cells/cm?) in stem cell culture medium. The medium was changed
6 times per week and hPSCs were passaged mostly in every five
days (range 4-7 days) onto new SNL feeder cell layers. Before
passaging, SNL feeder cells were removed with the previously
described CTK solution [56] with a minor modification: ko-SR
was replaced by stem cell culture medium without bFGF. CTK
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solution consisted of 10% Trypsin (10x, Lonza), 0.1 mg/ml
Collagenase IV (Invitrogen), 0.001 M CaCly and 20% stem cell
culture medium in HyO. After CTK treatment, the remaining
SNL feeder cells were carefully rinsed with ko-DMEM (Invitro-
gen), and colonies were scraped into stem cell culture medium with
a pipette tip and plated onto new SNL feeder cell layers.

All hPSC lines were cultured on hESC-qualified Matrigel (BD
Biosciences, Franklin Lakes, NJ, USA) in mTeSR1 medium
(StemCell Technologies Inc., Vancouver, Canada) supplemented
with 50 U/ml penicillin/streptomycin (Lonza). MEF feeder cell
layer was manually removed as described above; colonies were
scraped into mTeSR 1 medium and plated onto Matrigel-coated 6-
well culture plates. Plates were coated with Matrigel for at least
1 hour at room temperature (RT) following manufacturer’s
instructions. mTeSR1 medium was changed 6 times per week,
and the cells were passaged using 1 mg/ml dispase (Invitrogen)
mostly in every 5 days (range 4-6 days). Differentiated areas were
carefully removed before passaging.

The growth of hPSC lines in different conditions was monitored
daily under Nikon Eclipse TS100 phase contrast microscope
(Nikon Instruments Europe B.V. Amstelveen, The Netherlands)
and pictured with Altra-Cell-D-Bundle camera (Olympus Corpo-
ration, Tokyo, Japan).

Cardiac differentiation

Differentiation experiments were performed 2 to 6 times in
hPSC lines cultured in all three conditions. hPSC lines and their
passages in 6 separate differentiation experiments are presented in
Table 1 and the cardiac differentiation experiments are outlined in
Figure 1A. Altogether differentiation experiments were performed
18 times from MEF feeder cell layers and 15 times from both SNL
feeder cell layers and Matrigel. All differentiation experiments with
the UTA.00106.hFF cell line were performed with karyotypically
abnormal (46, XY inv(12)) cells. To initiate cardiac differentiation,
hPSCs were co-cultured in 12-well culture plates with Mitomycin
C (Sigma-Aldrich, St. Louis, MO, USA) treated END-2 cells
(50000 cells/cm®), which were a kind gift from Professor
Mummery (Humbrecht Institute, Utrecht, The Netherlands)
[57]. MEF feeder cell layers were removed manually, and SNL
feeder cells enzymatically with C'TK solution before differentia-
tion. Cell colonies cultured in all three conditions were detached
with a cell scraper or pipette tip. Approximately 30 colony pieces
per well were transferred onto END-2 cells in stem cell culture
medium without ko-SR or bFGF and supplemented with 3 mg/ml
ascorbic acid (Sigma-Aldrich). Medium was changed after 5, 8 and
12 days of culturing. After 15 days of culturing, 10% ko-SR was
included and ascorbic acid was excluded from the culture
medium; subsequently, the medium was changed three times per
week.

Cardiac differentiation efficiency

Cardiac differentiation efficiency was determined by cytospin
analysis on day 16-21 (herein on day 20) and by counting the
number of beating areas on day 28-35 (herein day 30). Cytospin
analysis was performed and beating areas were counted from all
five hPSC lines cultured in all three conditions. The total number
of wells from which the beating areas were counted is presented in
Table 1. For cytospin analysis, the whole differentiating pool of
cells from three wells (A1, B1 and C1), and a replicate sample of all
cells from another three wells (A2, B2 and C2) were treated with
trypsin (Lonza) at 37°C for 45 minutes. After the incubation, the
aggregates were pipetted into a single-cell suspension and
resuspended in EB medium, consisting of ko-DMEM supplement-
ed with 20% fetal bovine serum (FBS, PAA Laboratories GmbH,
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Pasching, Austria), 1% NEAA (Cambrex Bio Science), 2 mM
GlutaMax (Invitrogen) and 50 U/ml penicillin/streptomycin
(Lonza). Approximately 1x10° cells were centrifuged at 800—
1000 rpm for 5 minutes onto polysine slides (Thermo Scientific,
Rochester, NY) using the cytospin system (Sakura Finetek, Alphen
aan den Rijn, The Netherlands). Adherent cells on slides were
fixed with 4% paraformaldehyde (Sigma-Aldrich) at RT for
20 minutes, permeabilized and blocked with 0.1% Triton X-100
(Sigma-Aldrich), 1% bovine serum albumin (BSA, Sigma-Aldrich)
and 10% normal donkey serum (Sigma-Aldrich) in phosphate-
buffered saline (PBS, Lonza) for 45 min at R'T, and stained with
mouse or goat anti-cardiac Troponin T primary antibodies
(Table S1) diluted in 1% normal donkey serum, 0.1% TritonX-
100, and 1% BSA in PBS (Lonza) over night at +4°C. The next
day, the cells were probed with Alexa Fluor 568 secondary
antibody (Invitrogen) diluted in 1% BSA (Sigma-Aldrich) in PBS
(Lonza) for 1 h at RT in the dark. Finally, cells were mounted with
Vectashield (Vector Laboratories Inc., Burlingame, CA, USA)
containing 40,6-diamidino-2-phenylindole (DAPI) for nuclear
staining, and the percentage of Troponin T positive cells versus
the total cell number was determined. Counted areas were
randomly selected in the DAPI channel using 20 x magnification,
and a total of 1500 cells was counted. Cells were pictured with
Olympus IX51 phase contrast microscope with fluorescence optics
and Olympus DP30BW camera (Olympus Corporation).

Dissociation of beating areas and immunocytochemistry

Beating areas were cut out manually and dissociated into a
single-cell suspension using Collagenase A (Roche Diagnostics
GmbH, Mannheim, Germany) treatment, as previously described
[58]. Dissociated cells were plated onto 0.1% gelatin coated 24-
well plates in EB medium.

The undifferentiated growth and neural differentiation of
hPSCs under different culture conditions was judged by the
morphology of the cells. The morphologic characterization was
confirmed by immunocytochemical stainings for hPSCs cultured
at least for 14 passages in three different culture conditions. hPSC
colonies were stained with primary antibodies specific for
undifferentiated hPSCs including Nanog, OCT-3/4 and SSEA-
4. Neural progenitor cells and neuronal cells were detected from
undifferentiated cultures by staining cells for PSA-NCAM and
MAP-2. Dissociated cardiomyocytes were stained for connexin-43,
a-actinin, Troponin T and MHC. The primary antibodies are
summarized in Table S1 and staining was performed as described
above. All Alexa Fluor 568 or 488-conjugated secondary
antibodies were from Invitrogen.

In vitro analysis of pluripotency

The pluripotency of the H7, UTA.00106.hFF and
UTA.00525.LQT2 cell lines cultured in all three culture
conditions was verified by the formation of EBs. To form EBs,
feeder cells were removed mechanically (MEF) or enzymatically
(SNL), and hPSCs were scraped with a cell scraper and placed into
suspension culture in EB medium. Media was changed every 2 to
3 days, and EBs were cultured for 5 weeks. Total RNA was
extracted from EBs and 200 ng of cDNA was transcripted. The
expression of the three germ layers, ectoderm (Paired box 6 (PAX-06)
and SR1-box 1 (SOX-1)), endoderm (Alpha-fetoprotein (AFP) and SOX-
17) and mesoderm (x-cardiac actin and Kinase insert domain receptor
(KDR)) was studied in the EBs using RT-PCR primers. -actin was
used as housekeeping control. Primer sequences are presented in

Table S2.
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Quantitative-RT-PCR

Quantitative RT-PCR was performed on H7, UTA.00112.hFF
and UTA.04602.W'T cell samples collected from the fourth and
sixth differentiation experiments (Table 1). Each of two replicate
samples were collected from two wells of co-cultures and lysed into
RAT buffer supplemented with B-mercaptoethanol at time points
of 3, 5-6, 12-13 and 28-35 days, herein reported as 3, 6, 12 and
30 days. Undifferentiated cells were used as day 0 samples.
Samples were stored at —70°C until the total-RNA was extracted
with the NucleoSpin® RNA 1I kit, which included DNAase
treatment (Macherey-Nagel, Duren, Germany) as described in the
manufacturer’s instructions. The concentration and quality of
RNA was measured using a NanoDrop 1000 spectrophotometer
(NanoDrop Technologies, Wilmington, DE). Biological replicates
were pooled into one sample during cDNA transcription, and
250 ng of RNA from both biological replicates (totaling 500 ng)
were transcribed into ¢cDNA in a total volume of 20 pl with a
High-Capacity cDNA Reverse-Transcription kit (Applied Biosys-
tems, Foster City, CA, USA) in the presence of RiboLock RNase
inhibitor (Thermo Scientific). The expression of Brachyury T,
NEX2.5 and SOX-17 were studied with SYBR chemistry and
Ribosomal protein large p0 (RPLPO), OCT-3/4, PAX-6, Musashi and
NF-68 were studied with Tagman chemistry. The PCR reaction
for SYBR primers consisted of 1 pl of cDNA at a 1:3 dilution,
14 pl of 2x SYBR green PCR mastermix (Applied Biosystems)
and 300 nM of each primer. The following Tagman assays were
used: NM_053275.3 for RPLP0O, Hs00999632_gl for OCT-3/4
(POUSFI), Hs00240871_ml for PAX-6, Hs01045894_ml for
Musashi and Hs00196245_m1 for NF-68. SYBR primer sequences
are presented in Table S2. All samples were analyzed in triplicate,
C; values were determined, and the fold changes were calculated
by the 97 AACT method [59]. The data were normalized to the
expression of the endogenous control RPLP(. The average of dO
samples from MET feeder cell layers were used as a calibrator.

Flow cytometric analysis

All five hPSC lines cultured in all three conditions were
analyzed by flow cytometry using antibodies against TRA-1-81-
FITC (BD Biosciences) and PSA-NCAM-APC (Miltenyi Biotec,
Teterow, Germany). Samples were collected from one day before
or same day as passaging was done. MEF and SNL feeder cells
were removed prior the sample collections. FITC mouse IgM
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Statistical analysis
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