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Chapter 1

General Introduction




Human pluripotent stem cells (hPSC)

Human embryonic stem cells (hESC), derived from the inner cell mass (ICM) of late blasto-
cyst stage embryos, were first isolated and maintained in culture in 1998 [1]. HESCs have
the ability to undergo unlimited self-renewal and are pluripotent, i.e. have the capacity to
differentiate into all ~220 somatic cell types in the adult organism and germ cells [2],[3].
hESC are typically characterized by the expression of transcription factors OCT3/4 [4], NA-
NOG [5] and SOX2 [6], which play an important role in the maintenance of their pluripo-
tent state. Additional cell surface markers such as SSEA3, SSEA4, TRA-1-60, TRA-1-80 and
TRA-2-49/6E (alkaline phosphatase) are used to distinguish pluripotent hESC from other
cell-types [1],[7],[8]. Although, many studies have shown the utility of hESC in biomedical
research after their differentiation to specialized cell-types, ethical issues on their origin
limited their widespread use for both research and clinical applications.

In 2006, groundbreaking work of the group of Shinya Yamanaka demonstrated the gener-
ation of pluripotent stem cells by reprogramming mouse adult cells in vitro through over-
expression of only 4 transcription factors associated with pluripotency, i.e. Sox2, Oct3/4,
c-Myc, and KIf4 [9]. In 2007, the groups of Yamanaka and Thomson independently de-
scribed this reprogramming for the first time in adult human skin fibroblasts using a sim-
ilar approach [10,11]. It was demonstrated that these reprogrammed cells, called induced
pluripotent stem (iPS) cells, were comparable to hESC, with respect to their morphology,
molecular markers and functional characteristics, including self-renewal and differentia-
tion capacity. In addition, human iPS cells resemble the hESC in other aspects, including
proliferation, teratoma formation, and promoter- and telomerase activities [10]. Differences
in gene expression and methylation state between hiPS cells and hESC have been described
[10] when small samples have been compared but overall they seem very similar. The first
approaches used integrating retroviral vectors to introduce the reprogramming transcrip-
tion factors, but later induced pluripotency without the integration of transgenes [12-14].
Banks of hiPS cells from multiple individuals could support in vitro studies at the popula-
tion level for disease modeling, tissue engineering and drug toxicity. Due to their human
origin, the tools created with hiPS technology are expected to be more predictive and rele-
vant to human conditions than existing animal or cell line based models.

hPSC cultures

hPSCs self-renewal in vitrois rather complex and still under intensive study. Initially hPSC
cultures were maintained on mouse embryonic fibroblast (MEF) feeder layers in fetal calf
serum (FCS); however, FCS-based media introduced variation in culture and differentia-
tion. Some advances have been made regarding the use of defined medium for sustaining
the hPSC self-renewal in culture. Several factors have been reported to be important for the
maintenance of pluripotent stem cells in vitro. In particular, basic fibroblast growth factor
2 (bFGF) has a pivotal role in hPSC stability and maintenance [15]. Activin A, a member of
the transforming growth factor-b family is thought to be important in combination with
bFEGF for self-renewal of hPSC [16,17]. It has been suggested that the mechanism consists
of promoting the expression of the transcription factors needed for self-renewing, such as
Oct3/4 and Nanog, through the induction of Smad2/3 [18]. Furthermore, data have been
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published demonstrating a crucial role for Phosphoinositide 3-kinases (PI3K) signaling in
hESC self-renewal. PI3K appears to be involved in inhibiting differentiation of hESCs as
well as in the self-renewal regulatory pathway. Therefore, the presence of PI3K agonists,
such as insulin/IGF type molecules, in the culture medium is important for cell survival
and self-renewal by inhibiting differentiation [19]. In addition, PI3K suppresses the activity
of glycogen synthase kinase-3 (GSK3). Suppression of GSK3 is mandatory for pluripotency
maintenance [20]. Furthermore, the production of a completely defined culture medium is
essential in the development of large scale culture systems for differentiation purposes and
for enabling high throughput in vitro screening. The first fully defined medium was made
commercially available in 2006 . However, the costs of some components in the medium
made it too expensive for daily research use [21]. Therefore modifications were made to
develop an alternative, named mTeSR1. Five years later, based on the mTeSR1 formulation
Chen et al. decreased the components necessary for hPSC maintenance to 8, the E8 medium
containing insulin, selenium, transferrin, L-ascorbic acid, FGF2 and TGF{3 in DMEM/F12
[22]. This fully defined medium is now widely used as the starting point for differentiation
protocols.

Cardiac differentiation

Initially cardiomyocytes were generated from hESC during “spontaneous” differentiation
that takes place when the cells are grown as aggregates in suspension called embryoid bod-
ies (EBs) [23] . A more robust and efficient protocol was later described using END-2 co-cul-
ture to differentiate hESC into cardiomyocytes [24]. This protocol was further improved by
removal of serum and insulin [25,26]. Presently, there are several methods described for
efficient differentiation of human pluripotent stem cells into cardiomyocytes often tailored
to the particular hESC or hiPSC. Most efficient are based on defined, serum free medium
(methods reviewed in Mummery et al 2012 [27]). Among the more widely used are those
based on the serum-free defined media called APEL (albumin, polyvinyl alcohol, essen-
tial lipids)[28] or BPEL, a variant of APEL where albumin is replaced by BSA [29]. Since
signaling events during early cardiogenesis are highly conserved between species, lessons
from cardiac development have been very important for stepwise efficient differentiation
of hPSCs to cardiomyocytes. The major signaling pathways involved in cardiogenesis are
initiated by ligands of the Transforming growth factor beta family (TGF-), the wingless/
INT proteins (WNTs) and the fibroblast growth factors (FGFs) (reviewed in [30]). Studies
on early development have demonstrated that the TGF-3 family signaling proteins Activin
or nodal are important in the induction of mesoderm specification prior to gastrulation
in Xenopus and chick embryos [31,32]. Activin/Nodal signaling pathway activates down-
stream SMAD proteins type 2 and 3, which have an important role in embryonic develop-
ment and organ growth. Bone morphogenic proteins (BMPs) also play a role. Among its
members BMP4 has a pivotal role in cardiac development, acting via the SMAD (typel,3,5)
and MAPK pathways to promote cardiogenesis [33]. The Wnt family are signaling proteins
that play a regulatory role in many different developmental processes, including cell sur-
vival, migration, proliferation, cell-fate specification and adhesion [34]. Wnt signaling can
be divided into two distinct pathways, referred to as canonical and non-canonical. Initial
findings suggested a clear functional separation of these signaling pathways, where {3-cat-
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enin-dependent canonical Wnt pathway is thought to play an inhibitory role on cardiac
specification [35,36], as opposed to the cardiovascular development promoting role of the
[-catenin-independent non-canonical Wnt signaling [37],[38]. Currently, different studies
suggest more complex function of the canonical Wnt pathway in the temporal specification
of cardiac commitment. Expression of canonical Wnt ligands before gastrulation promotes
mesoderm induction [39], whereas activation of the canonical Wnt pathway during late
cardiac differentiation blocks the expression of cardiac genes [40]. Recent completely de-
fined protocols were developed using cytokines BMP4 and Activin A together with a GSK3
inhibitor that acts as a potent Wnt activator to initiate cardiomyocyte differentiation and
later removed in a time dependent manner, recapitulating the development cardiac induc-
tion signaling in vivo [28]. An alternative format of differentiation have been developed
using monolayer culture on a specific extracellular matrix (ECM) (e.g. Matrigel) in serum
free medium (RPMI/B27 or APEL) in combination with similar cytokine cocktail and timing
as the EB methods; cardiomyocyte yields of 30% have been reported [28,41]. More recent
advances however, now enable the production of cultures containing 85% or more cardi-
omyocytes across different hESC and hiPSC lines. This was achieved through the use of
RPMI medium in combination with defined chemicals (Wnt activator Chir99021 and Wnt
inhibitor Wnt-C59) on hPSC cultures maintained in animal component-free medium (E8)
[42]. Further increases in purity of the cardiomyocytes culture have been achieved by taking
advantage of the cardiomyocyte’s ability to use I-Lactate as an energy source. The use of
l-Lactate as a replacement of Glucose as energy substrate eliminates the non-cardiomyo-
cytes from the culture, increasing the cardiomyocytes yield to 95% [42,43]. Other selection
methods include the use of cardiomyocte cell surface markers like Sirpa in combination
with VECAM [44,45] or cell type specific reporters (review den Hartogh and Passier 2016
[46])

hPSC derived cardiomyocyte phenotype

These recent advances in robust cardiomyocyte differentiation procedures enables the use
of hPSC-derived cardiomyocytes for (hPSC-CM) in the fields of disease modeling or drug
toxicity screening, which are of interest for both the academic and the industrial research
communities. HPSC-CMs based models have the inherent advantage of being human, mak-
ing them closer to the clinic reality then the established animal models. Moreover, these
cells can be generated from any individual as hiPSC, enabling the disease modeling of par-
ticular individuals, bridging the in vitro phenotype and the clinical symptoms in order
to understand the disease mechanism. Despite the advantages of this model, the use of
hPSC-technology is still limited by the immature phenotype of the cardiomyocytes. Al-
though hPSC-CMs express cardiac-specific genes, which are necessary for action potential
(AP) induction and contractile function, their electrophysiological and contractile proper-
ties resemble those of human fetal cardiomyocytes [24]. In particular the APs of hPSC-CM
have low resting membrane potentials (~-63mV), low upstroke velocities (~20V/s) and short
AP amplitudes (~90mV) in comparison to the adult situation (-85mV, 270V/s and 106mYV,
respectively)[47]. This immature phenotype is also observed in cell morphology with a
variable shape, partially disarrayed sarcomeres and a smaller cell size [48],[49] (Figure 1).
Additionally, the T-tubules, which are key components of excitation—contraction coupling
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mechanism in adult cardiomyocytes, are not present in hPSC-CM, making this feature a
hallmark of cardiomyocyte maturation [50]. Mitochondrial structure and function play an
important role during development. hPSC-CM have long and slender mitochondria located
around the nucleus [51] and use glycolysis as a major energy source, which is comparable
to fetal cardiomyocytes, as opposed to the crystal-like lattice pattern distributed throughout
the cell [52] and use of fatty acids as energy source in adult cardiomyocytes [53]. Different
studies have shown that the gene profiles of hPSC-CM have a higher degree of similarity
with fetal than with adult cardiomyocytes [54],[55].

A

Figure 1- Cardiomyocyte structure. A. Human adult cardiomyocytes (Adapted from C. Mum-
mery et. al 2003). B. Human stem cell derived cardiomyocytes. Both stained for a-actinin (green),
MLC-2v (red) and nuclei (blue).

Maturation of hPSC-CM in vifro

Although several studies have shown the potential of hPSC-CM for disease modeling, drug
toxicity screening and cell-based therapies, it is crucial to drive hPSC-CM towards a mature
phenotype. During cardiac development in vivo, cardiomyocytes are exposed to different
maturation cues, varying from circulating factors in the blood, to cell-cell interactions, ex-
tracellular matrix components to electrical and mechanical signals for a prolonged time
allowing cardiomyocytes to develop an adult phenotype and function. Different approach-
es have been applied to mimic the conditions present in the development of adult heart.
The effect of long term culture on hPSC-CM maturation have been described with variable
outcomes [56-58]. The most striking change has been reported by Lundy et al. in 2013 by
culturing hPSC-CM on glass for periods up to 120 days, leading to improved morphology,
sarcomeric structure and length, calcium handling and electrophysiological properties [56].
Interestingly, the commonly used cell culture surfaces such as plastic or glass for cell cul-
ture have Young’s modulus of 2 GPa and =50 GPa, respectively, which are 5 to 6 orders
of magnitude stiffer than ~24.4kPa measured on the native heart tissue [59]. Different stud-
ies have described that culturing neonatal rat ventricular myocytes (NRVM) on substrates
with physiological-like stiffness improved their sarcomere structure, cell aspect ratio and
contractile forces [60,61]. Moreover, cardiomyocyte length/width ratio has been proposed
as a measure of maturity and disease [62,63]. Cell shape plays an important role in cardio-
myocyte function since changes in cytoskeletal architecture have been described to regulate
gene expression [64], impulse propagation [65], excitability [66] and contraction [62,67].
Morphology of healthy adult ventricular cardiomyocytes is characterized by an elongated
shape with a length/width ratios of 7:1 in vivo [68]. Accordingly, restraining cardiomyo-
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cyte shape to an adult like length/width ratio, with techniques like microcontact-printing
or defined topology, can enhance its sarcomere structure and contractile performance[62].
Furthermore, 2D monolayer cultures lack endogenous 3D biophysical properties crucial for
cardiomyocyte development such as electical impulse and mechanical loading. Electrical
stimulation have been shown to improve NRVM alignment and ultrastructural organiza-
tion and to increase contraction amplitude [69]. In 2011 Tulloch et al. were the first to show
improvements of hPSC-CM sarcomere alignment and physiological hypertrophy by me-
chanically stretching cells cast in a 3D collagen gel [70]. Later, a combination of collagen
type I and a suture wire in a PDMS channel template created a 3D microenvironment with
architectural and electrical cues conducive for hPSC-CM maturation. This so-called 3D bi-
owire platform induced physiological hypertrophy with maturation of contractile appara-
tus, improvements in calcium handling and electrophysiology properties of hPSC-CM in
vitro [71]. Although 3D structures are a better representatives of the environment in vivo
they are still deprived of the biochemical cues present in the blood during development
and adult stages. Despite its complexity some components present in human serum such
as hormones, growth factors and adrenergic receptor agonists have been described to play
a role in cardiomyocyte maturation. Triiodothyronine (T3) is a thyroid hormone involved
in numerous physiological processes throughout the body, related to growth and develop-
ment. More specifically for the development of the heart, T3 has been shown to affect heart
rate and metabolism [72]. In addition, T3 has been shown enhance the expression of cardiac
genes such as NKX2.5, MYH6, MLC2v, SERCA, RYR2, KCND3 and PGCla [73,74], which
have pivotal roles in cardiomyocyte differentiation and function including electrophysi-
ology [75], calcium handling and contraction force [76]. Furthermore, Insulin-like growth
factor 1 (IGF-1) is known to promote cell growth, proliferation, survival and metabolism
(reviewed in Troncoso et al. 2014[77]). IGF-1 activates the phosphatidylinositol-3 kinase
(PI3K)/Akt pathway, Ras/Raf/ Mitogen-activated protein kinase (MEK) and consequently
the extracellular signal-regulated kinase (ERK) pathway, which are major pathways in-
volved in protein production leading to metabolic changes, cell growth and at a later stage
cardiomyocyte hypertrophy [78]. Although IGF-1 have been shown to inhibit cardiomyo-
cyte formation [26], its role in promoting migration, proliferation, and survival of cardiac
progenitor cells has been established [79,80], making it a potential effector in hPSC-CM
maturation.

Cardiac hypertrophy

Cardiac hypertrophy is a process characterized by an increase in cell size with increased
protein synthesis and sarcomere assembly. Since mammalian cardiomyocytes rapidly fail
to retain their ability to divide, cardiomyocyte hypertrophy accompanied with fibroblast
and endothelial proliferation is the major process responsible for the development of the
adult size heart. This developmental enlargement of cardiomyocytes is referred to as phys-
iological hypertrophy [48]. During postnatal physiological hypertrophy the contractile ap-
paratus matures, there is a switch to a fatty acid based metabolism and T-tubules develop,
improving the excitation contraction coupling efficiency [81]. Physiological hypertrophy
also occurs in adult hearts during female pregnancy or extreme exercise by increasing 10—
20% heart weight, in order to handle the necessary cardiac output, in a fully reversible man-
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ner[82,83]. In contrast, pathological hypertrophy is defined as an overall increase in the size
of cardiomyocytes compensating for impaired cardiac function where there is loss of cardi-
omyocytes (as occurs after myocardial infarction) or pressure overload (aortic stenosis, high
blood pressure) or genetic causes. In addition to an increase in cardiomyocyte size, patho-
logical cardiac hypertrophy is characterized by fibroblast proliferation and interstitial fi-
brosis leading to worsened cardiac function and an increased mortality. Cardiomyopathies
can be classified in two different categories: Concentric (hypertrophic cardiomyopathy) or
Eccentric (dilated cardiomyopathy). Concentric hypertrophy is evidenced by thicker/wider
cardiomyocytes with length/width ratio of 5:1 or lower, which generates a thickening of the
cardiac wall and consequently a decrease in ventricular volume [68]. On the other hand,
cardiomyocytes in eccentric hypertrophy display an elongated shape with a length/width
of 10:1 or greater, leading to a disproportionally thin cardiac walls and ventricular volume
overload [63]. Despite the differences between these two extreme phenotypes, both condi-
tions lead to the same outcome: a decrease in cardiac output leading to cardiac failure. An
important molecular marker of pathological hypertrophy is the induction or reactivation
of genes such as c-jun, c-fos, c-myc, atrial natriuretic peptide (ANP), a-myosin heavy chain
(a-MHC) and skeletal alpha actin (SKA), which are also important during development[84].

Molecular pathways in hypertrophy

Cardiac hypertrophy is originated from the cardiomyocyte response to mechanical and
neurohormonal stimuli such as angiotensin II, IGF-1, endothelin-1, adrenaline, etc. Al-
though there is some insight on the initial triggers of hypertrophy, the mechanisms un-
derlying progression of pathological hypertrophy are still intensively studied. Several mo-
lecular pathways have been described to be involved in the initiation and progression of
cardiac hypertrophy. The Phosphoinositide 3-kinase (PI3K)/Akt pathway plays a major role
in cardiac hypertrophy and serves as a nodal point that is directly activated by tyrosine
kinase receptors such as IGF-R, TGF{3-R (transforming growth factor 3-receptor), FGF-R (fi-
broblast growth factor-receptor), as well as 3-adrenergic G protein coupled receptors [85].
The 3-kinase (PI3K)/Akt pathway promotes hypertrophy through mediation of two direct
target proteins, mMTOR (mammalian target of Rapamycin) and glycogen synthase kinase 3(3
(GSK3p)[86]. Another important pathway in hypertrophy is the MAPK signalling cascades
(mitogen activated protein kinases). These cascades are involved in protein production, cell
proliferation, growth and survival, and can be activated by different stimuli as mechani-
cal stress and growth promoting factors (ET-1, Angiotensinell, Phenylephrine and TGEF-
B). Downstream of these cascades are the Extracellular signal receptor-Regulated Kinase
(ERKs), c-jun NH2-terminal Kinase (JNKs) and p38 MAPK, which are known to induce
cell growth, increase in protein synthesis and hypertrophy specific gene expression [87,88].
The calcineurin/nuclear factor of activated T-cells (NFAT) was one of the first pathways
described as playing a role in hypertrophy. In this pathway, calcineurin is induced by me-
chanical and/or neurohormonal stimuli to regulate NFAT dephosphorylation [89], leading
to nuclear translocation where it can activate transcription factors involved in hypertrophy
such as GATA-4 and MEF2 [90]. Furthermore, this process can be inhibited by a class of
histone deacetylases (HDACIIa) as they repress transcription of GATA-4, MEF2 and NFAT.
On the other hand the class  HDACs are known for their pro-hypertrophic role in the heart
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as they are involved in the regulation of growth proliferation and differentiation [91]. The
interleukin-6 family of cytokines are known to induce cardiac hypertrophy by binding to
a common receptor unit glycoprotein 130 (gp130) and consequently activating the (PI3K)/
Akt, MAPK and Janus Associated Kinase/signal transducers and activators of transcription
(JAK/STAT) pathways [92]. The JAK/STAT signalling pathway has been implicated as im-
portant key in cardiac pathophysiology[93] (Figure 2). Dysregulation of this pathway has
been described in pressure overload induced hypertrophy [94].

Hypertrophic stimuli
/

L type Ca++ Channel  (GPCRs, AT-II, ET-1)

gp130

1 PLC «_ /
d/ Gq/G11 V4
Ca++/Calmodulin~ PKC l
PI3K S MAPKKK JAKI/2
CsA
Calcineurin®™ Fks506 l b3k
AKT/PKB MAPKK

MCIP Cabin/cain
NFAT

A
NR/, ===

Protein  Transcription

AKAP79 l STAT

synthesis factors
Hypertrophy

Figure 2- Different mechanisms leading to hypertrophy. Activation of the IGF receptor, L-Type
calcium channel or G protein coupled receptors by hypertrophic stimuli leads to the activation
of PI3K, Calcineurin and MAP kinase pathways, respectively. The activation of these pathways
result in an upregulation or activation of transcription factors involved in protein synthesis and
cell growth, the building blocks of hypertrophy. (Figure adapted from Agrawal et al 2010, with
permission)

MYBPCS3 in Hypertrophic Cardiomyopathy

Hypertrophic cardiomyopathy (HCM) is the most common genetic cardiovascular dis-
ease with a prevalence of 1:500 in general population [95] (Figure 3). The clinical signs
and symptoms for HCM include palpitations, dizziness, syncope and sudden cardiac death
(SCD), with the latter often being the first symptom. Genetic linkage studies revealed nine
different chromosomal loci, with the preponderance of genes encoding cardiac sarcomeric
proteins [96-99] inherited in a dominant autosomal manner. The genes most frequently
mutated encode B-myosin heavy chain (35%), myosin binding protein C (20%), troponin T
(5%) and a-tropomyosin (<3%), which are proteins with pivotal roles in the cardiomyocyte
contraction mechanism [100]. Such mutations can arise de novo or be familial and passed
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on from each generation. In the Netherlands nearly 35% of the familial hypertrophic car-
diomyopathy are caused by founder mutations in the MYBPC3 gene, which encompass a
Guanine duplication in exon 25 (2373dupG) or a Cysteine and threonine deletion from exon
29 (2864_2865delCT)[101]. Although these mutations are predicted to encode a truncated
MYBPCS3 version, such protein is not found in patient material. Moreover, the amount of
the wild-type MYBPC3 has been shown to be reduced by 33% in these patients, suggest-
ing haploinsufficiency as a trigger of the disease mechanism [101]. The cardiac MYBPC3 is
present in the C zones of the A band as 9 transverse stripes 43nm apart [102]. This protein
is composed of 11 domains named C0-C10 from the N- to the C-terminus and by a linker
amino acid sequence (MYBPC motif) between C1 and C2 with four phosphorylation sites.
The MYBPC3 interacts with different sarcomeric proteins via de different protein domains.
The C0 and C1 are anchored on the actin filaments, allowing the MYBPC motif to interact
with the myosin head during contraction. The C2 to C4 domains work as an arm connect-
ing the thin to the thick filament. Furthermore, two predictive models have been suggest-
ed describing the interaction between C5 and C10 domains and components of the thick
filament [103],[104]. The most accredited model describes a trimeric collar constituted by
the C5 to C10 domains of three different MYBPC3 wrapped around the myosin, titin and
light meromyosin (LMM). This anchoring is further stabilized by the interaction between
domains of the different MYBPC3 (C5:C8 and C7:C10)[105]. Functionally, the MYBPC3 re-
strains the distance between the thick and the thin filaments and acts as a physical holder
of the myosin heads at a specific distance of the actin filament, reducing the probability of
their interaction during diastole. Importantly, low levels or absence of MYBPC3 leads to a
hypertrophic cardiomyopathy phenotype characterized by an eccentric left ventricular hy-
pertrophy with myocardial disarray, diastolic dysfunction and interstitial fibrosis[106,107].

Normal heart Hypertrophic
(eut section) cardiomyopathy

Figure 3- Hypertrophic cardiomyopathy illustration. The hypertrophic heart (right) displays
thicker ventricular walls due to the increase in interstitial fibrosis and cardiomyocyte size, decreas-
ing the ventricular volume capacity. (http://www.extremehealthradio.com/i-no-longer-have-hy-
pertrophic-cardiomyopathy)

17

R
X




Scope of this thesis

This thesis describes different approaches for studying human stem cell cardiomyocyte
differentiation and their maturation in health and disease using state-of-the-art technol-
ogies. By integrating stem cell biology with other disciplines of molecular biology, imag-
ing, biomaterials and biophysics, we were able to address different biological questions.
In Chapter 2 we tested different biocompatible materials for hPSC-CM culture in order to
partially mimic the in vivo microenvironment using soft substrate stiffness and controlling
cell shape. Moreover, we describe the combination of cell traction force measurement tech-
nique with pcontact-printing and its application in the assessments of contraction force of
single hPSC-CM. In Chapter 3 a comparative analysis on contraction force was performed
between hPSC-CM and primary human fetal cardiomyocytes on the same substrate. More-
over, by adjusting the culture conditions we assessed changes in maturation stage of hP-
SC-CM by measuring contraction force and electrophysiology in identical cardiomyocytes.
In Chapter 4 we describe a combination of different molecules to induce maturation of hP-
SC-CM in vitro. We further use this maturation technology to assess contraction differences
on hiPSC-CM derived from patients with a Dutch founder mutation in the MYBPC3 pro-
tein. In Chapter 5 we develop a genetically engineered a-actinin-mCherry fusion to study
sarcomere development, structure and function of hPSC-CM with live imaging. In Chapter
6 we apply the technology and initial findings of chapters 4 and 5 to develop a hESC-CM
based disease model, where we assess changes in calcium kinetics, contraction force and
sarcomeric structure caused by the absence of the MYBPC3 protein. In Chapter 7 we make
use of an inducible cMYC overexpression to arrest cardiac progenitors in their multipotent
state. We were able to expand and differentiate these cardiac progenitors to cardiomyo-
cytes, smooth muscle and endothelial cells. Moreover, within the cardiomyocyte lineage we
were able to specifically differentiate the cardiac progenitors to nodal-like or working myo-
cardium in vitro. Finally, in Chapter 8 the content of the experimental chapters is discussed
and future perspectives in this field are proposed.
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Abstract

The in vivo microenvironment plays a major role in the regulation of cell homeostasis and
function. This microenvironment is extremely complex which makes it difficult to mim-
ic in vitro. Polydimethylsiloxane (PDMS) and polyacrylamide are currently used as cell
compatible substrates with tunable stiffness capabilities. We assessed differences in differ-
entiation efficiency of human embryonic stem cell derived cardiomyocytes (hESC-CM) on
PDMS with stiffness resembling the native tissue in combination with different extracellu-
lar matrix proteins. Furthermore, we combined the tunable substrates with picontact-print-
ing technique to pattern cardiomyocytes into a more physiological relevant shape and de-
veloped it to a high throughput system. This combination was further used to assess the
contraction force output of single hESC and human induced pluripotent stem cell derived
cardiomyocytes (hPSC-CM) and its response to adrenergic stimuli.

In this study we show that in vivo stiffness and cellular patterning can be mimicked in vitro
and used to measure contractile output of single hPSC-CM.
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Introduction

The current standard materials for cell culture use polyethylene (plastic) or silica (glass)
based surfaces for cell culture due to an efficient and low-cost manufacturing procedure.
Nevertheless, these substrates are very different from the natural environment that cells
encounter in the human body. In the plastic or glass culture dish, cells are in contact with
a 2 dimensional (2D) surface that has a Young’s modulus of 5 to 6 orders of magnitude
stiffer than the human tissue[1]. Moreover, under these conditions cell-to-cell contact is
predominantly restrained to the peripheries of cells. Furthermore, cells within the in vivo
situation are in general part of a highly organized 3D structure consisting of multiple in-
teracting and/or communicating cell-types. These differences are more profound in organs
with mechanical functions such as the heart, since the mechanical loading and electrical
stimulus, fundamental for proper cardiomyocyte function, are absent or underdeveloped in
standard cell or tissue cultures. Various methods have been applied to mimic the in vivo en-
vironment, including the development of biocompatible polymer scaffolds[2] for 2D or 3D
cultures, which have been used in combination with pcontact-printing for cell shape regu-
lation and orientation[3], mechanical[4] or electrical[5] stimulation and cell co-cultures[6].

Biocompatible scaffolds can be made from natural or synthetic sources and have differ-
ent characteristics with respect to properties such as architecture, cyto-compatibility, bio-
activity and mechanical properties[7]. The most widely used scaffolds for cell culture are
Polydimethylsiloxane (PDMS) and hydrogel (e.g. Matrigel or Polyacrylamide) based due
its versatility, low cost, biocompatibility, tunability over a wide range of Young’s modulus,
light transparency and low light scattering.

PDMS is a silicon-based organic polymer comprised of repeating units of -O-Si(CH3)2-.
PDMS is considered to be extremely useful for microfabrication and biological applications
based on the following: i) it can produce features at the micron scale and be released from
the template without damaging it; ii) it is optically transparent down to the 280nm; iii) it
cures at low temperatures; iv) it is nontoxic to cells in vitro or in vivo (biocompatible); v) the
chemistry of its surface can be altered, vi) it can be reversibly deformed[8]. Although PDMS
is nonreactive due to its closed chemistry composition, exposing it to air plasma induces a
transition of its surface from hydrophobic to hydrophilic by introduction of polar groups
(Si-OH) at the expense of the methyl groups (Si-CH3), allowing protein anchorage such as
extracellular matrix components (ECM) to the surface in a specific pattern. Such character-
istic enabled the development of the pcontact-printing technique that is comprised by the
patterning of ECM proteins with features at a scale of 1um onto an activated PDMS surface.
When attached the cells acquire the printed shape[3]. Furthermore, the Young’s modulus
of PDMS can be varied from 5 kPa to 1.72 MPa by mixing versions of PDMS with different
composition (Sylgard 527 and Sylgard 184)[9]. This combination of technologies creates a
relatively inexpensive cellular environment with similar stiffness and cell architecture to
the in vivo situation that can be applied to the standard cell culture.

Polyacrylamide is a synthetic hydrogel-based polymer formed by acrylamide repeats
((C3H5NO)n) co-polymerized with bis-acrylamide (N,N-methylene-bis-acrylamide). Al-
though this polymer is not used generally for microfabrication it has similar cell culture
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applicabilities as PDMS, as it is suitable for cell culture, pcontact-printable and its Young’s
modulus can be varied between 5 and 100kPa[10],[11]. One advantage of polyacrylamide
over PDMS is that it is a liquid prior to polymerization and is hydrophilic as a polymer, al-
lowing the encapsulation of cells or water-soluble molecules. These characteristics enabled
development of model to measure traction force during the dynamic process of cell migra-
tion[12] and have been recently used for measuring traction force of stem cell-derived car-
diomyocytes[13],[11]. Cell’s attachment on a substrate is implemented by the anchorage of
an assembly of membrane proteins - focal adhesions, to the ECM proteins of the substrate.
The anchorage of the focal adhesions is a dynamic process that changes over time, allowing
the cells to change position or migrate through the substrate. Attachment and locomotion
are processes that can be described as forces applied by the cell thought the focal adhesions
onto the substrate. If the substrate is elastic and has a low Young’s modulus, the cell is able
to deform it during attachment or migration.

In this chapter we describe the development and adaptation of soft substrates, picon-
tact-printing and contraction force techniques onto human pluripotent stem cell derived

cardiomyocyte differentiation, culture and analysis.
Materials and Methods

Human embryonic stem cell culture and differentiation

The human embryonic stem cell (hESC) line HES3-NKX2-5-eGFP, described previously[14]
in which one allele of the cardiac transcription factor NKX2-5 was replaced by GFP, was used
to allow selection of cardiomyocytes after differentiation. Human induced pluripotent stem
cells (hiPS) were generated from skin fibroblasts obtained from a healthy female individu-
al, after written informed consent and following approval by the Leiden University ethics
committees, using a non-integrating Sendai virus to deliver the four reprogramming factors
OCT4, SOX2, KLF4, and MYC [15]. Both cell-lines were maintained on irradiated mouse
embryonic fibroblasts (MEFs) and differentiation was performed by two different methods,
1) Monolayer differentiation was performed in a 6-well plate, coated with Matrigel where
300.000 hESC were seeded at day 0 in BSA polyvinylalcohol essential lipids medium (BPEL)
[16] together with 20ng/ml BMP4 (R&D), 20ng/ml Activin A (Miltenyi), 1.5uM chir99021
(Axon Medchem). The medium was refreshed after 3 days with BPEL supplemented with
5uM XAV-939. 2) For spin embryoid body (EB) differentiations 30.000 hESC were seeded
per well in a V-shaped 96-well plate in BPEL containing 35ng/ml BMP4 (R&D), 30ng/ml
Activin A (Miltenyi), 30ng/ml VEGF (Miltenyi), 40ng/ml SCF (Miltenyi), 1.5uM chir99021
(Axon Medchem)[14]. At day 3, medium was refreshed with BPEL. GFP-positive spin EBs
started beating between day 7 and 10 of differentiation. Dissociation of both monolayer and
spin EB-derived cardiomyocytes was performed at day 20 with 1x TryplE select for 10 mins
at 37 °C.

Gene expression analysis

HESC-derived cardiomyocytes (15 days of differentiation of HES3-NKX2-5-eGFP) were pu-
rified by FACS sorting for GFP expression. RNA was isolated from purified cardiomyocytes
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using the RNeasy-MicroKit (Qiagen) and reverse transcribed to cDNA using the Iscript
cDNA kit (BioRad). Gene expression analysis was performed by q-PCR using IQ SYBR
Green (BioRad). The samples were normalized to the house keeping gene human Acidic
Ribosomal Protein (RPLP). The primers used are listed in supplementary Table 1.

Spin Coating

Spin coating was performed using spin coater WS-650MZ-23NPP (Laurell) for coating sur-
faces with solutions/polymers at high-speed rotation. A drop of freshly mixed PDMS was
added to the center of the coverslip and we used the following protocol for optimal and
evenly spreading of the polymer evenly.

Time (s) RPM Acceleration
5 500 100
5 1000 200
10 3000 300
60 4000 400
15 2000 200
10 1000 100
5 500 100

Fluorescent conjugation of fibronectin

The fibronectin was conjugated with Alexa Flour 546 Maleimide (Invitrogen) in a 8M Gua-
nidine Hydrochloride (Sigma) solution for 1h, followed by dialysis overnight in PBS using
a Slide-A-Lyzer Dialysis cassette.

ucontact-printing technique

The procedure was started by coating an in-house available PDMS stamp containing line
features of 20um thick spaced 20um apart (20x20) with 50pg/ml Fibronectin for 1h. The lig-
uid was aspirated and the stamp was dipped on PBS for a short wash, and dried with a ni-
trogen gun before stamping the fibronectin onto the PDMS surface activated by UV-Ozone
treatment. The quality of the stamping was checked under a fluorescence microscope.

Cardiomyocyte isolation and culture

Chick cardiomyocytes (CMs) were isolated from day 7-8 (HH stages 30-32) White Leghorn
embryos and are not considered live vertebrate animals under US Public Health Service
policy. For each isolation, 7-15 hearts were dissected, cut into small pieces and digested
in 3 mL of 0.05% Trypsin-EDTA (Sigma-Aldrich) for 7 min. The supernatant was carefully
collected, added to seeding medium (M199 medium, 10% heat-inactivated FBS, 1% pen-
icillin/streptomycin) and filtered through a 40-um cell strainer to isolate individual cells.
The 7-min incubation was repeated three times so that the hearts were completely digested
while minimizing cytotoxicity by long exposure to trypsin. The cell solution was then cen-
trifuged at 50g for 10 min and resuspended in 30 mL of seeding medium. Fibroblasts were
removed by selective adhesion by pre-plating successively for 45-min incubations in T75
cell culture flasks. The supernatant, enriched in CMs, was centrifuged at 50g for 10 min
then resuspended in seeding medium at 7.5 x 105 cells/mL. PDMS substrates were placed
in a 6-well plate, 200 UL of the cell suspension was pipetted on top and incubated for 2 h to
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allow cells to attach and then the wells were filled with additional seeding medium. On the
next day, the medium was replaced with a maintenance medium containing a reduced level
of 2% heat-inactivated FBS to minimize fibroblast proliferation.

Immunocytochemistry and sarcomere structure evaluation

Cells were fixed with 4% paraformaldehyde for 20mins and washed three times with PBS.
Cells were permeabilized with 0.1% Triton for 8mins and blocked with 4% swine serum
for 1h at room temperature (RT). For identification of sarcomeres and cell boundaries the
samples were incubated with the primary antibodies mouse anti a-actinin (Sigma-Aldrich
A7811) diluted 1:800 and rabbit anti pan-cadherin (Sigma-Aldrich C3678) diluted 1:200 for
1h at RT. The samples were washed three times 10 mins with PBS with 0.05% tween20 and
incubated with the secondary antibodies donkey anti mouse IgG Cy3 (Jackson ImmunoRe-
search Europe 715-165-150) and donkey anti rabbit IgG A488 (Invitrogen A-21206) both
diluted 1:200 for 1h at RT

Traction force technique

The traction force microscopy technique makes use of fluorescent carboxylate-modified mi-
crospheres embedded in the polyacrylamide gel to track such substrate deformation. By
taking into account the displacement of the microspheres, the Young’s modulus of the poly-
acrylamide and the thickness of the gel, Dr. Micah Dembo together with Dr. Yu-li Wang de-
veloped the LIBTRC software package that translates the substrate deformation into a force.

1% gelatin was made from porcine skin powder (Sigma Aldrich) and autoclaved. The gel-
atin was further oxidized with 3.5mg/ml Sodium Periodate (Sigma Aldrich) for 45mins at
room temperature and used to coat the 20x20 lines stamp for 1h. The stamp was then dried
with a nitrogen gun and used to stamp a 15mm glass coverslip. The polyacrylamide solu-
tion was prepared with a final concentration of 0.1% bis-acrylamide (Bio-Rad), 5% acryla-
mide (Bio-Rad) and 10mM HEPES pH 8.5 in distilled water, followed by centrifugation for 1
min at 10.000RPM for degassing. 0.006% (m/v) of ammonium persulphate (Sigma-Aldrich)
and a 1:1000 dilution of 0.2-pum fluorescent beads (Ex/Em: 660/680nm - Molecular Probes)
were added to the solution and briefly vortexed. The gel polymerization was initiated with
TEMED (Bio-Rad) and 9.2ul of the final solution was added to a 25mm coverslip treated
with plus Bind-Silane solution (GE Healthcare). The pcontact-printed 15mm coverslip was
applied on top of the drop with the gelatin lines facing the gel. After 20 min of polymeriza-
tion the 15mm coverslip was removed and the 25mm coverslip was mounted onto a well of
a glass bottomed 6-well plate (Mattek), replacing the initial glass. The polymerized gel has
a Young’s modulus of 5.8 kPa [17]. The plates were sterilized under UV light for 30mins and
the gels were rehydrated with 1xPBS for another 30mins. Before cell seeding the gels were
equilibrated in culture medium for 15mins.

Statistics

The different groups were compared using one-way A-NOVA followed by Bonferroni. Sig-
nificance was attributed to comparisons with values of P < 0.05%; P < 0.01**; P < 0.001***. All
error bars represent SEM.
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Results

Previous studies have shown the effect of substrate stiffness on stem cell differentiation[18].
In this chapter we studied the effect of substrate stiffness on human pluripotent stem
cell-derived differentiation to cardiomyocytes. In order to culture cells on substrates with
a stiffness which is comparable to the fetal heart in vivo, we combined two different PDMS
formulations, Sylgard 527 and Sylgard 184 (Dow Corning), as described by Palchesko
et.al[9]. The elastic modulus (y in kPa) in function of the percentage of the polymer Sylgard
184 (x) in a 184/527 mixture can be calculated by the following equations:

For low percentages of Sylgard 184 (0-20%) the regime is non-linear:
y=0.3236x"2+2.0606x+5 1)

For higher percentages of Sylgard 184 (20-100%) the regime is linear:
y=18.591x-156.87  2)

Previously, the embryonic heart has been described to generate a maximal contractile work
output on matrixes with elasticity E=11-17kPa[19]. In order to mimic the embryonic con-
ditions in vitro PDMS with an estimated Young’s modulus of 15kPa, was made using a
combination of 96.78% of Sylgard 527 and 3.22% of Sylgard 184 and used as a substrate
for cardiac differentiation. Plastic 6-well plates were coated with a layer of 15kPa PDMS
and cured for 3h at 60°C. The PDMS was then activated using a plasma cleaner and coated
with various the respective ECM components. In order to additionally assess the best ECM
for cardiac differentiation on this substrate each PDMS well was coated with either with
Matrigel, 50pg/ml Fibronectin (BD), 50pug/ml Laminin (Sigma) and 0.1% Gelatine (Sigma).
The monolayer differentiation was started at day 0 in every substrate. At day 1 and 2 the
wells with PDMS coated with Fibronectin, Laminin and Gelatine were clumped in sus-
pension whereas the cells on Matrigel coated PDMS and plastic control were attached and
displaying normal morphology. As the differentiation progressed the cells in suspension
attached as all conditions showed cell attachment and proliferation at day 3. At day 7 cells
were visibly expressing GFP in all conditions. However, at day 14 there were obvious dif-
ferences in monolayer morphology. A flat uniform beating cell layer was observed in both
Matrigel conditions, whereas Laminin-coating resulted in beating cell layers with more
evident three-dimensional structures on PDMS substrates in comparison with the plastic
control. The cells on the Fibronectin coated PDMS displayed a string-like web on the PDMS
that was only attached to the surface on the edges. Gelatine surface conditions resulted
in floating beating spheroids (Figure 1A). At day 15 the cells were dissociated and FACS
sorted for GFP. FACS analysis showed a modest increase in differentiation efficiency from
57% in the Matrigel coated plastic to 71% in the Matrigel coated PDMS (N=2). There was
also an increase in cardiomyocyte differentiation efficiency to 65% in Laminin coated PDMS
in comparison to Matrigel coated plastic control, but no change in Gelatine coated PDMS
(55%) and a decrease in Fibronectin coated PDMS (19%). Despite no study clearly reporting
it, there is generally accepted that hPSC differentiation protocols to cardiomyocytes are in-
consistent through time. Due to the differences in colony morphology the RNA from GFP+
sorted cells were isolated for gene expression analysis. Preliminary Q-PCR analysis indicat-
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ed no changes in expression of genes encoding for structural, sarcomeric and/or contractile
proteins (ACTN2 and MYBPC3) in any conditions. MLC2V expression was decreased in
PDMS/Matrigel conditions, indicating a decrease in ventricular specification on PDMS with
Matrigel or a decrease in levels of maturation. The same holds true for Laminin. In contrast
Gelatine-coating displayed an increase in MLC2V expression. As a marker of calcium han-
dling CASQ2 expression is elevated in cardiomyocytes differentiated in Laminin, Fibronec-
tin and Gelatine. On the other hand cardiomyocytes in these conditions also displayed in-
creased expression of the hypertrophic marker ANF (Figure 1B).
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Figure 1 — Cardiomyocyte differentiation on different substrates. A. Representative pictures of
hESC-CM culture morphology in plastic coated with Matrigel (Control Matrigel) and with PDMS
coated with Matrigel, Laminin, Fibronectin and Gelatin (Bar-100um). B. Relative expression lev-
els of ACTN2, MYBPC3, MLC2V, CASQ2 and ANF in cardiomyocytes cultures in different sub-
strate conditions (Control, Matrigel and Fibronectin N=2, Laminin and Gelatine N=1).

Since cell shape is known to be important for cardiomyocyte morphology and function
[3,20] we applied pcontact-printing of ECM substrates on PDMS. To increase the applica-
bility of this procedure we prepared coverslips coated with PDMS with and without the
use of a spin-coater, which is not readily available in a standard cell biology lab. For this
100ul of PDMS was added onto the center of a glass 25mm coverslip and incubated over-
night at room temperature. The next day the coverslips were fully covered with PDMS
and were cured for 2h at 60°C. Fibronectin was used for ucontact-printing since it has been
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used frequently for this procedure[21]. In order to immediately visualize the outcome of
the fibronectin was conjugated with Alexa Flour 546 Maleimide (Invitrogen). Two different
stiffnesses were tested during this experiment ranging between the softer 5 kPa (0% Sylgard
184) and the stiff 1.72 MPa (100% Sylgard 184). On the stiff PDMS the pcontact-printing was
successful in both spin-coated and non-spin-coated conditions, displaying uniform line pat-
tern (Figure 2A). On the soft PDMS the picontact-printing was only successful on spin-coat-
ed condition, whilst on the non-spin-coated PDMS the lines were not present or with large
gaps in between (Figure 2B). The same pcontact-printing pattern was observed on PDMS
with Young’s modulus of 24kPa (data not show), indicating that pcontact-printing with-
out a spin coater cannot be successfully applied to PDMS substrates with a lower Young’s
modulus range. The patterned lines on the spin coated PDMS were subsequently tested for
cell culturing. First we used cardiomyocytes of chicken embryos, which were isolated and
seeded on patterned coverslips at a density of 200.000 cells per cm2. The following day the
cells were nicely attached and acquired the shape of the lines in both conditions (Figure 2C
and D).

A

Figure 2- pcontact-printing of fibronectin-546 on PDMS with different Young’s Modulus. A.
pcontact-printed fibronectin lines 15 and 20um wide onto spin coated (left-15x magnification)
or non-spin coated (right-15x magnification) PDMS with =1.72MPa (stiff). B. pcontact-printed
15 and 20um wide fibronectin lines onto spin coated (left-10x magnification) or non-spin coated
(right-5x magnification) PDMS with =5kPa (soft). C. Chick primary cardiomyocytes aligned on
stiff spin coated PDMS with pcontact-printed lines displayed on 2A (10x magnification). D. Chick
primary cardiomyocytes aligned on soft PDMS with pcontact-printed lines displayed on 2B (10x
magnification).

In order to test whether human-derived cardiomyocytes would attach and function, we cul-
tured hESC-CMs on PDMS with a stiffness which is comparable to the adult heart (Young’s
modulus of 24kPa) was prepared, mimicking the elastic stiffness described in the adult
heart muscle[1]. Alexa Fluor 548 labeled fibronectin was successfully pcontact-printed on
PDMS in a configuration of 20um wide 20um interspaced lines and 50pum x50pum squares,
although it was not uniformly distributed in the latter situation (Figure 3A and B). hESC-
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CM were seeded on the patterned PDMS at a density of 200.000 cells per cm2. After 16
hours, although cardiomyocytes were nicely attached on the lines, there was a clear dif-
ference when compared to primary chick cardiomyocytes: the majority of the hESC-CM
aggregated and bridged between lines (Figure 3C). On squares cell attachment was not
very effective and hESC-CM formed spheroids instead of spread out single cells (Figure
3D). After 8 days of culture on the lines most of the hESC-CM remained attached and beat-
ing. Nevertheless, the aggregates had a more compact morphology and more single cells
were aligned. Attachment of the hESC-CM on squares decreased and cells maintained a
spheroid-like morphology at 8 days of culture (Figure 3E and F). The cells were then fixed
in 4% paraformaldehyde and immunostained for a-actinin. HESC-CM on the lines showed
aligned sarcomeres perpendicular to the direction of the patterned lines (Figure 3G). Cardi-
omyocytes that bridged the lines displayed a more disorganized sarcomere structure (Fig-
ure 3G). In an attempt to reduce the bridging effect by hESC-CM, fibronectin was picontact
printed on PDMS with patterns of 20pum lines interspaced at 100um. Although the lines
were successfully printed on the PDMS, the distance between lines in combination with the
elasticity of the PDMS caused undesirable contact between the PDMS surface and the ceil-
ing of the stamp, transferring a visible amount of fibronectin on the surface between lines
(Figure 4A). Next, in order to avoid such contact pcontact-printing was performed without
pressing the stamp on the surface, which indeed resulted in a clean space between lines but
unfortunately also resulted in a decreased quality of the printed lines (Figure 4B). Follow-
ing seeding of hESC-CM on these patterns of spaced lines, we observed that attachment
was reduced and restricted to the edges of the coverslip (Figure 4C). Moreover, removal
of aggregates by filtering cardiomyocytes with a 70um cell strainer before seeding, still re-
sulted in formation of aggregates and bridging 100um space between the lines (Figure 4C).

Figure 3- Culturing hESC-CM on pcontact-printed substrate with tissue-like stiffness. A. pcon-
tact-printed 20pum wide fibronectin lines on spin coated PDMS with Young’s Modulus of 24kPa.
B. pcontact-printed 50x50um fibronectin squares on spin coated PDMS with Young’s Modulus
of 24kPa. C. and D. hESC-CM seeded on fibronectin lines and squares from 3A and 3B, respec-
tively. E. and F. hESC-CM cultured for 8 days on fibronectin lines and squares from 3A and 3B,
respectively. G. a-actinin staining (green) of hESC-CM cultured on 20pum wide fibronectin lines
(red). White bars- 50um
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Even with the undesirable bridging between the lines, the pcontact-printing technique still
has potential added value when applied to high throughput screenings, as in this set up the
percentage of cardiomyocytes effectively aligned can be picked and further analyzed. In
order to prepare this pcontact-printing procedure for high throughput screening, instead
of spin-coating single coverslips, 96-well format plates were used combined with 55mm
x 75mm x 0.15mm glass (half the size of the bottom of a 96 well plate) purchased from
Grace-bio and spin-coated with PDMS using a 50mm round chuck. The PDMS coating was
initially only uniformly distributed in the 55mm diameter circle at the center of the cov-
erslip and displayed a stringy pattern on the edges due to air bubbles trapped within the
PDMS (Figure 5A). Different approaches such a decreasing the spinning speed, increasing
the time of the top speed step, or pre-coating the entire coverslip with PDMS did not elim-
inate the stringy pattern. Despite the differences in uniformity the pcontact-printing was
successfully performed on the uniformly coated circle in the center of the coverslip (Figure
5B). The ucontact-printed coverslip was glued to a bottomless 96 well plate (Nunc) using
high vacuum grease (Dow Corning) (Figure 5C). HESC-CM attached to the lines as shown
before (Figure 5D). In addition, no visible leak was observed between the different wells,

demonstrating the feasibility to further develop this platform for high throughput assays.
A B

Figure 4 — Culturing hESC-CM on 100um spaced lines. A. pcontact-printed 20pum wide fibronec-
tin lines interspaced by 100 um applying pressure on the stamp. B. ucontact-printed 20um wide
fibronectin lines interspaced by 100 um without applying pressure on the stamp. C. hESC-CM
cultured on lines showed in 4A and 4B with visible cell aggregates and bridging between lines
(top-left shows the edge of the gel). White bars- 50um

Measuring contractile function of cardiomyocytes is important for obtaining a better un-
derstanding of heart development and disease, and drug-induced cardiotoxicity. As intro-
duced earlier traction force microscopy has been applied to assess the displacement of the
substrate upon contraction of single cardiomyocytes[11],[13]. Displacement is recorded by
video imaging and following software analysis computed to force applied by the cell per
unit of area (mN/mm?2), which are known as units of stress. In order to adapt this technique
to our current set up we combined it with the pcontact-printing technique. Polyacrylamide
(5%) gels embedded with fluorescent beads and gelatin printed lines were seeded with
hESC-CM (Figure 6A and B). Nevertheless, cell attachment of hRESC-CM to gelatin printed
lines was poor if cardiomyocytes were derived from spin EBs or from monolayer differ-
entiations on Matrigel. These problems were solved by dissociating these hESC-CM and
pre-plating as a monolayer on 0.1% gelatin coated wells for 5 days or/and by equilibrating
the gels in medium containing 10% fetal calf serum (Sigma) for 30mins prior to cell seeding.
Initial contraction measurements revealed forces of 0.271+0.02mN/mm2 and 0.253+0.02mN/
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Figure 5- Up scaling ucontact-printing to 96 well format. A. 55mm x 75mm glass coverslip spin
coated with PDMS displaying a flat uniform coating in center circle. The higher magnification
(right side) shows the air bubbles trapped in the PDMS around the circle. B. pcontact-printed
20um wide fibronectin-546 lines on the uniform PDMS coated center circle. C. Two spin coated
55mm x 75mm glass coverslip glued to the bottom of a 96well bottomless plate using high vac-
uum grease. D. hESC-CM cultured on the ucontact-printed 20um wide fibronectin-546 lines
(Green-GFP expression in cardiomyocytes). White bar- 50um.

mm?2 for hESC-CM and hiPSC-CM, respectively (Figure 6C). In order to measure contrac-
tility on substrates with a stiffness comparable to the heart, the acrylamide was increased
to 10%, producing a polymerized gel with a Young’s modulus of 18.4 kPa[11]. Contrac-
tion stress of hESC-CM and hiPSC-CM increased with the substrate stiffness (Figure 6C),
indicating a correlation between contractile stress and substrate stiffness. Of note, cell
alignment on the 18.4kPa polyacrylamide gels was poor in three consecutive experiments
(Figure 6D), limiting the usage of this substrate for further experiments. Further characteri-
zation of hESC-CM was performed by analyzing their contraction performance after activa-
tion of the a and 3 adrenergic receptors with phenylephrine and isoprenaline, respectively.
Phenylephrine induces an increase in beating rate and isoprenaline induces and increase in
beating rate and contraction force in the adult heart [22,23]. Although both phenylephrine
and isoprenaline induced an increase in beating frequency, no change in contraction force
was observed as the net variation in contraction stress is close to null (Figure 7A and B).
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Figure 6- Contraction stress measurements using patterned polyacrylamide gels. A. 20 um wide
gelatin lines contact-printed onto 5.8kPa polyacrylamide gel. B. hESC-CM cultured on lines as
shown in 6A. C. Mean contraction stress generated by hESC-CM and hiPSC-CM in 5.8kPa (n=29
and n=12 respectively) and 18.4kPa (n=24 and n=13, respectively). D. hESC-CM aligned on a pat-
terned polyacrylamide gel (5.8kPa) (left) but not aligned in patterned 18.4kPa polyacrylamide gel.
White bar-50um. ns = non-significant; **P<0.01

Discussion

This chapter describes the use of synthetic polymers as soft substrates for hESC-CM dif-
ferentiation, maintenance and contractile analysis. These soft substrates were used in com-
bination with pcontact-printing of different ECM proteins for cardiomyocyte alignment
during culture and contraction force measurements. Additionally, we made the first steps
for development of a 96 well-automated high throughput platform for functional analysis
of human cardiomyocytes.
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Figure 7- Chronotropic and inotropic effects of phenylephrine and isoprenaline on hESC-CM. A.
Variation in beating frequency of each cell relative to its baseline frequency is plotted in function
of the variation in contraction stress of that same cell, relative to its contraction stress baseline
upon stimulus with 1uM or 10 uM phenylephrine. B. Variation in beating frequency of each cell
relative to its baseline frequency plotted in function of the variation in contraction stress of that

same cell relative to its contraction stress baseline upon stimulus with 0.1uM or 1 uM isoprena-
line.
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Standard cell cultures are realized on plastic substrates with a stiffness of several fold
higher than tissues in the human body. Moreover, in general the stiffness of tissues dur-
ing embryonic development are even softer than the adult counterparts[1],[19]. In order to
consider this aspect for mimicking in vivo cardiac development, we differentiated hESC
on PDMS with different stiffness by combining Sylgard 182 and 527. Results showed a mod-
est increase in differentiation efficiency (from 57% to 71% GFP+ cells) under conditions,
which are more comparable to the stiffness of the heart, although no obvious difference in
morphology or gene expression were observed. These results are in disagreement with the
decrease in cardiac differentiation efficiency on softer substrates described by Hazeltine et
al.[24]. This discrepancy could be explained by the use of different substrates (polyacryla-
mide versus PDMS) and differences in cardiac differentiation and maintenance protocols.
Furthermore, the soft PDMS substrate was also tested in combination with different ECM
proteins for optimization of cardiac differentiation and maintenance. The most striking dif-
ferences observed the lack of hESC attachment to the substrate until day 3 of differentiation
when laminin, gelatin or fibronectin were used. This observation could be due to changes
in conformation or availability of ECM protein upon interaction with activated PDMS, since
the hydrophilic part of ECM proteins are bound to the PDMS leaving the hydrophobic
part, less favorable, as the major anchor for cardiomyocytes. Moreover, the different ECMs
induced different cardiomyocyte monolayer morphology by day 15, demonstrating the im-
portant role of ECM proteins in cardiac differentiation. Despite all ECM proteins promoting
cardiogenesis, the efficiency was highest in combination with Matrigel. Recently Burridge
et al. used Vitronectin as ECM protein for cardiac differentiation with better outcome than
Matrigel[25], which may represent a good candidate for further improvement of this proce-
dure. Although ACTN2 and MYBPC3 were not changed in any condition, preliminary re-
sults indicated an increase in MLC2V expression on gelatin, suggesting a more ventricular
specification or maturation. Additional analysis would be required in order to make solid
conclusions.

Besides the substrate stiffness, cell shape and geometry are among other parameters that
influence cell differentiation and function. HPSC-derived cardiomyocytes are very similar
to primary human fetal cardiomyocytes based on morphological (as well as molecular and
functional) aspects, which is in contrast to the elongated, brick-like morphology of adult
cardiomyocytes with length to width ratio of 7:1. In order to constrain the adult cardiomyo-
cyte morphology in vitro we made use of pcontact-printing. We were able to show that this
technique can be applied to spin-coated PDMS with Young’s modulus ranging from 5kPa
to 1.72MPa, but not on non-spin coated PDMS surfaces with low Young’s modulus (5kPa).
Human hESC-CM successfully attached and contracted on fibronectin printed lines, al-
though bridging of hESC-CM between lines was frequently observed. This is in contrast to
primary embryonic chick cardiomyocytes and neonatal rat ventricular cardiomyocytes[21],
illustrating the difference between hESC-derived and primary cardiomyocytes.

The combination of culturing on soft transparent polymers (such as PDMS) with ucon-
tact-printing has great potential advantages for high throughput screening since it allows
imaging of cells in a micro-environment with an elasticity and geometry comparable to
the in vivo situation and with higher degree of standardization and consequently a lower
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degree of variation. This is crucial for successful implementation of hPSC-based assays for
disease modeling, drug discovery and safety pharmacology. In line with this, it is encour-
aging that we have shown that it is feasible to use this technology in a custom-made 96-well
plate format, allowing high throughput screening.

The combination of a soft flexible substrate embedded with fluorescent beads and pcon-
tact-printing was applied for traction force measurements of single hPSC-CM. The initial
values of contraction stress measured in hPSC-CM were congruent with previous studies on
similar substrate stiffness[13]. We also demonstrated that contraction stress of both hESC-
CM and hiPS-CM increased with the increase of substrate stiffness, which is in accordance
with previous observations[11]. This observation is inherent to the complexity of the con-
traction machinery depicted by the Frank-Starling Law. Although there is no preloading
stress (pressure generated by the blood volume in the ventricles at the end of diastole) in
this 2D system, the afterload stress (pressure applied by the contracting ventricle walls dur-
ing ejection) is mimicked by the elastic modulus of the substrate. At lower elastic modulus
the pressure exerted by the substrate to the cell at the maximal contraction is lower than
the stress applied by the cell on the substrate[19], meaning that in this setup the contraction
stress measured is only influenced by the sarcomere dynamics and by cell size. Although
this technique outputs an absolute value of stress, the dependence of this contraction stress
value on the stiffness of the substrate limits the its comparison with other studies using
different contraction force measurement setups (e.g. Force transducers). This limitation is
inherent to the assumptions made on the cell attachment, substrate properties and bead
location in order to translate the substrate deformation into a force/stress value using a
mathematical algorithm, which are technically different from the assumptions made on the
translation of the spring deflection into a force/stress in a force transducer apparatus. Meas-
uring contraction stress in single cardiomyocytes will be important for functional analysis
of specific cardiac disease and the effect of drugs on heart function. In this context, it has
been previously shown that agonists of /(3 adrenergic receptors, which are known to affect
cardiac inotropy([22,23], did not affect contractile force in single hESC-CM[11], which may
result from a low level of maturity of hRESC-CM under the current in vitro conditions.

Conclusion

In this chapter we show that the tunability of different polymers can be used to mimic na-
tive tissue stiffness in vitro. Moreover, we showed prove of principle of combining tunable
substrates with picontact-printing and use it in a high throughput set up. Furthermore, this
combination of techniques was used to measure contraction force of single hESC-CM and
hiPSC-CM in different substrate stiffness together with its response on adrenergic stimuli.
To conclude we established a 2D platform for culturing and analyzing hPSC-CM in a more

native tissue-like environment.
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Abstract

Cardiomyocytes from human pluripotent stem cells (hPSC-CM) have many potential ap-
plications in disease modelling and drug target discovery but their phenotypic similari-
ty to early fetal stages of cardiac development limits their applicability. In this study we
compared contraction stresses of hPSC-CM to 2nd trimester human fetal derived cardio-
myocytes (hFetal-CM) by imaging displacement of fluorescent beads by single contracting
hPSC-CM, aligned by microcontact-printing on polyacrylamide gels. hPSC-CM showed
distinctly lower contraction stress than cardiomyocytes isolated from hFetal-CM. To im-
prove maturation of hPSC-CM in vitro we made use of commercial media optimized for
cardiomyocyte maturation, which promoted significantly higher contraction stress in hP-
SC-compared with hFetal-CM. Accordingly, other features of cardiomyocyte maturation
were observed, most strikingly increased upstroke velocities and action potential ampli-
tudes, lower resting membrane potentials, improved sarcomeric organization and altera-
tions in cardiac-specific gene expression. Performing contraction force and electrophysi-
ology measurements on individual cardiomyocytes revealed strong correlations between
an increase in contraction force and a rise of the upstroke velocity and action potential
amplitude and with a decrease in the resting membrane potential.

We showed that under standard differentiation conditions hPSC-CM display lower contrac-
tile force than primary hFetal-CM and identified conditions under which a commercially
available culture medium could induce molecular, morphological and functional matura-
tion of hPSC-CM in vitro. These results are an important contribution for full implementa-
tion of hPSC-CM in cardiac disease modelling and drug discovery.
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Introduction

The efficiency of cardiomyocyte differentiation of human pluripotent stem cells (hPSC) has
greatly improved in recent years[1], with many reports describing more than 60% cardio-
myocytes in differentiated cultures. For most laboratories, generating hPSC-derived cardio-
myocytes (hPSC-CM) is no longer a major hurdle, providing opportunities for disease mod-
elling, drug toxicity screening and identifying drug sensitivities of certain genotypes[2,3].
However, hPSC-CM are immature compared with human adult cardiomyocytes and ex-
press typical fetal cardiac genes [4], have immature electrophysiological properties such
as low resting membrane potential and slow upstroke velocities[5], use glucose as major
energy source as opposed to the fatty acids used by adult cardiomyocytes[6], have under-
developed, (partially) disarrayed sarcomeres, heterogeneous shapes and are smaller in size
[7,8]. Several studies have reported that the contraction stress of hPSC-CM using hydro-
gel-based technologies in two (2D) and three dimensions (3D) varied from 0.22+0.70mN/
mm? to 11.8+4.5mN/mm? [9-12]. Furthermore, it has also been shown that contraction stress
is dependent on substrate stiffness [13], emphasizing the necessity of using similar sub-
strate stiffness for comparison of contraction stress values between different conditions.

Optimal implementation of hPSC-CM in human cardiac disease modelling and drug toxici-
ty screening, would benefit from greater maturation of hPSC-CM. Therefore, it is important
to understand which physiological parameters impact features of maturation. Candidate
parameters that have been examined to date include long-term culture to mimic develop-
mental gestation [14], substrate stiffness [15], cell patterning and alignment as occurs in the
normal heart [16,17], electrical and mechanical stimulation [18], mechanical loading [19],
interaction with other cell-types [20], and interference with signalling pathways thought to
be of importance in heart development The outcomes of these studies have been variable:
in assessing the effects of long-term culture, hPSC-CM were reported to withdraw from the
cell-cycle and show ultrastructural maturation in 35 days [21] and increased conduction ve-
locities in 2 months[22] but no improvements in contraction force were observed up to 2 or
3 months in culture [9,13] Following hPSC-CM for even longer, up to 4 months, both mor-
phological and functional maturation were reported for both human embryonic stem cell
(hESC) and human induced pluripotent stem cell (hiPS)-derived cardiomyocytes [14]. In
assessing the role of substrate stiffness, neonatal rat ventricular myocytes (NRVM) cultured
on a glass substrate (Young’s Modulus =50 GPa), which is six orders of magnitude stiffer
than heart tissue [23], showed decreased length to width ratios and increased stress fibre
content compared to NRVM on substrates with Young’s Modulus of 10kPa [15,23]. Both
stiffness and cell shape have regulatory roles in cytoskeletal architecture and extra cellular
matrix (ECM) coupling [24]. In turn, the cytoskeletal architecture is known to regulate gene
expression [25], impulse propagation [26], excitability [27] and contraction [16,28], demon-
strating the regulatory role of cell shape on cardiac function. In vivo, adult ventricular cardi-
omyocytes are elongated and aligned along one axis with length/width ratios of 7:1 [17,24].
Accordingly, restraining cell shape to a more elongated phenotype reminiscent of that of
adult cardiomyocytes improves cardiomyocyte structure and function [16,29]. Thyroid hor-
mones also have an important influence on cardiac structure, electrophysiological functions
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and cardiac contractility in development in vivo[30], by directly regulating key structural
and regulatory genes such as a-MHC and 3-MHC, SERCA2, PLN, and various ion channels
[31]. Moreover, triiodothyronine (T3) has been described as promoting electrophysiological
and calcium handling maturation in mouse embryonic stem cell derived cardiomyocytes
[32] and contraction maturation hiPS-CM [33].

Alterations in cardiomyocyte transcriptional, biochemical and functional cues, manifested
by changes in electrophysiology, calcium handling, bioenergetics and contraction force, are
inherent to progression from fetal to an adult state [8]. Consequently, in vitro cardiomyo-
cyte maturation state can be assessed by analyses of these features. Nevertheless, the rela-
tionship and interdependence of these different parameters are poorly understood. Here,
we found that hPSC-CM generate lower contraction stress than second trimester (16 week)
human fetal cardiomyocytes (hFetal-CM) at the same substrate stiffness. Furthermore, by
making use of different maturation media we were able to demonstrate that hPSC-CM dis-
played improved sarcomeric structure organization, stronger contraction stress, improved
electrophysiological parameters and changes in gene expression compatible with a more
developmentally advanced stage. Additionally, we assessed the relation between electro-
physiology and contraction force during cardiomyocyte maturation by analysing these pa-
rameters on the same cardiomyocyte.

Materials and Methods

hESC and hiPS cell maintenance and differentiation to cardiomyocytes

Both hESC and hiPS lines were cultured on irradiated mouse embryonic fibroblasts (MEFs).
Differentiation to cardiomyocytes was as described previously [34]. Briefly, spin embry-
oid bodies (spinEB) were formed by centrifugation of cells into aggregates in a 96-well
format (Greiner) with BSA polyvinylalcohol essential lipids medium (BPEL) [35] together
with 35ng/ml bone morphogenetic protein 4 (BMP4) (R&D), 30ng/ml Activin A (Miltenyi),
30ng/ml vascular endothelial cell growth factor (VEGF) (Miltenyi), 40ng/ml stem cell factor
(SCF) (Miltenyi), 1.5uM CHIR99021 (Axon Medchem). The medium was refreshed on day 3
(Supplementary Figure 1). SpinEBs started beating between day 7 and 10 of differentiation.

Culturing and plating of hPSC derived cardiomyocytes

Two commercially available media, Cardiomyocyte medium (CA) and Maturation medi-
um (MM) (available as Pluricyte Medium from Pluriomics BV), were used in a stepwise
manner to mature hPSC-CM in vitro. CA and MM (containing T3 hormone) are serum-free,
defined, nutrient-rich media that were pre-optimized for viability in culture and morpho-
logical maturation of hPSC-CMs. Differentiated cardiomyocytes were dissociated at day 10
with 1x TryplE select (Gibco) for 10 min and plated as single cells in BPEL on 0.1% gelatin
(Sigma)-coated 6-well plates in order to change from a spinEB to a monolayer culture for-
mat. This step is crucial for proper cell attachment to the gelatin lines later on. On day 13,
the medium was changed to BPEL or CA (Supplementary Figure 1). On day 20, one well
of each condition was dissociated as described above and seeded on the polyacrylamide gel
patterned with 1% gelatin lines, in the respective medium. The medium was refreshed the
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next day and contraction and electrophysiological characteristics measured three days after
plating. In the remaining culture wells the medium was changed to BPEL, CA and MM on
day 20 as described in Supplementary Figure 1. The cells were cultured in the respective
media for ten more days. As before, on day 30 the cells were dissociated with 10x Tryple
select (Gibco) and seeded on the polyacrylamide gel patterned with 1% gelatin lines, in the
respective medium. The cells were refreshed next day and contraction and electrophysio-
logical characteristics measured three days after plating.

Human Fetal cardiomyocyte isolation and culture

Human fetal hearts were collected after elective abortion following individual informed
consent, after approval by the Medical Ethical Committee of Leiden University Medical
Center. The investigation conforms to the principles outlined in the Declaration of Helsin-
ki. The fetal heart was examined for any apparent anomalies before single cell isolation.
The hearts were cut into small pieces and subsequently dissociated in collagenase A (Ro-
che) Calcium-free Tyrode’s buffer. To minimize the amount of fibroblasts, the cells were
pre-plated on a 10cm dish for 45 min. The remaining cells were plated directly on the poly-
acrylamide gel patterned with 1% gelatin lines and kept at 37°C, 5%CO2. The medium was
refreshed next day and measurements were made three days after plating.

Patterned Polyacrylamide gel fabrication

Patterned polyacrylamide gels were prepared as previously described [36]. Briefly, a poly-
dimethylsiloxane (PDMS) stamp was incubated with 1% gelatin (Sigma) for 1h. The stamp
was used to pcontact-print a pattern of 20um wide gelatin lines with 20um spacing onto
15mm coverslips. The polyacrylamide solution was prepared with a final concentration of
0.1% bis-acrylamide (Bio-Rad), 5% acrylamide (Bio-Rad) and 10mM HEPES pH 8.5 in dis-
tilled water, followed by centrifugation for 1 min at 10.000RPM for degassing. 0.006% (m/v)
of ammonium persulphate (Sigma-Aldrich) and a 1:1000 dilution of 0.2-um fluorescent
beads (Ex/Em: 660/680nm - Molecular Probes) were added to the solution and briefly Vor-
texed. The gel polymerization was initiated with TEMED (Bio-Rad) and 9.2ul of the final
solution was added to a 25mm coverslip treated with plus Bind-Silane solution (GE Health-
care). The pcontact-printed 15mm coverslip was placed on top of the drop with the gelatin
lines facing the gel. After 20 min of polymerization, the 15mm coverslip was removed and a
25mm coverslip was mounted onto a well of a glass bottomed 6-well plate (Mattek), replac-
ing the initial glass. The polymerized gel has a Young’s modulus of 5.8 kPa [37].

Contraction force measurements

The contraction force measurements were performed as previously described [13]. Brief-
ly, using a Leica AF-6000LX microscope with controlled temperature and CO2, 40x image
series of brightfield and fluorescent beads were taken at 5 frames per second of aligned
single self-pacing cardiomyocytes. Single frames from maximal relaxation and contraction
of the brightfield and fluorescent image series were analyzed by the LIBTRC software pack-
age (kindly provided by Dr. Micah Dembo), creating a mask of the cell outline from the
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brightfield image and a vector map from the difference between the relaxed and contracted
fluorescent images. The vector map and the cell mask were used to calculate the total force
that the cell applies on the substrate at its maximum peak of contraction. The contraction
stress generated by the cardiomyocyte was calculated by dividing the total force by the cell
surface area.

Electrophysiology

After contraction force measurements, the position of each cell was noted by its quadrant
localization and by 10x and 40x brightfield images. Subsequently, the coverslips were trans-
ferred to the patch clamp electrophysiology set up. Measurements were performed with
the amphothericin-perforated patch-clamp technique using the Axopatch 200B patch clamp
amplifier (Molecular Devices Axon Instruments, U.S.A.) at 5 kHz in the fast current clamp
mode.

Gene expression analysis

Cardiomyocytes derived from the HES3-NKX2-5-eGFP line [34] were cultured in the differ-
ent test media (Supplementary figure 1) and purified by sorting on day 20 and 30 of differ-
entiation. RNA from day 20 and 30 cells was isolated using the RNeasy-MicroKit (Qiagen)
and Nucleo Spin RNA XS (Macherey-Nagel), respectively, and reverse transcribed to cDNA
using the Iscript cONA (BioRad). Gene expression analysis was performed by q-PCR using
IQ SYBR Green (BioRad). The samples were normalized to the house keeping gene human
Acidic Ribosomal Protein (RPLP).

Immunocytochemistry and sarcomere structure evaluation

After contraction measurements, the cells were fixed on the lines with 4% paraformalde-
hyde. For identification of sarcomeres and cell boundaries the samples were incubated
with the primary antibodies mouse anti a-actinin (Sigma-Aldrich A7811) and rabbit anti
pan-cadherin (Sigma-Aldrich C3678) followed by the secondary antibodies donkey anti
mouse IgG Cy3 (Jackson ImmunoResearch Europe 715-165-150) and donkey anti rabbit
IgG A488 (Santa Cruz Biotechnology sc-15368). The sarcomeric structure of individual car-
diomyocytes was determined by grading the organization of a-actinin into four different
classes of individual aligned cells at 40x using the AF-6000 Leica microscope [38]. Sarcom-
ere profiles were constructed with the function Plot Profile of Image]. Software developed
in house (LabVIEW, National Instruments Corporation, Austin, U.S.A.) was used to analyze
the average spacing distance by the method of power spectral analysis applied to the profile
data from Image]J (um/pixel).

Statistical analysis

Differences between the different groups were assessed by Student’s t-test for compari-
son of two groups or one-way ANOVA followed by Bonferroni post-test for comparison
of three or more groups. The differences in cell structure classification were assessed using
Chi2 test. Significance was attributed to comparisons with values of P <0.05%; P <0.01**; P
<0.001***. All error bars represent SEM.
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Results

Contraction stresses of hRESC-CM and hiPS-CM are comparable

hESC-CM and hiPS-CM (hPSC-CM) were routinely differentiated and maintained in BPEL
medium then dissociated on day 10 and plated on 0.1% gelatin (Supplementary Figure 1).
To analyze cardiomyocyte function in physiologically relevant substrate dimensions and
stiffness specifically, hPSC-CM were dissociated on differentiation day 20 and seeded on
20pm wide 1% gelatin lines that were pcontact-printed on polyacrylamide gel (Figure 1A).
Three days after seeding, measurements of contraction force by spontaneously beating car-
diomyocytes were performed by imaging displacement of fluorescent beads embedded in
the gels (Figure 1B). From the contraction cycle, frames corresponding to maximal contrac-
tion and relaxation of single cardiomyocytes were compared and analyzed using LIBTRC
traction force microscopy software, creating a vector heat-map with the total force pro-
duced by each cell at the peak of contraction (Figure 1C). To compensate for variation in
contraction force (nN) induced by differences in cell size, total force was normalized to cell
surface area (um?) and designated as contraction stress (mN/mm?). First, we determined
contraction stresses of hESC-CM and hiPS-CM under standard differentiation culture con-
ditions (BPEL) on day 23. The contraction stress generated by hESC-CM and hiPS-CM were
comparable (0.29+0.01 mN/mm? and 0.26+0.01 mN/mm?, respectively; P=0.17) (Figure 2A).
In accordance, cardiomyocyte morphology and sarcomeric organization were similar on
micropatterned lines, demonstrated by expression and localization of sarcomeric protein
a-actinin (Figure 2B). In accordance with contraction stress, hESC-CM and hiPS-CM have

Cardiomyocytes
B C
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Figure 1- Schematic overview of measuring traction stress. A. A bottomless 6-well plate with the
25mm coverslips carrying the polyacrylamide gel with patterned gelatin (darker gray lines) and
red quadrant grid. B. Merge of the bright field image of a single cardiomyocyte with the fluo-
rescent image of the fluorescent beads embedded in the gel, representing the image acquisition
during measurements. Scale bar 10um. C. Heat map generated by the LIBTRC software repre-
sentative of the traction stress applied by the cell on the substrate (1Pa=10-3mN/mm?2).
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similar cell surface area (hESC-CM 1050 + 55.01um2 versus hiPS-CM 1244 + 49.92 um?2
P=0.055) (supplementary Figure 3)

hPSC-CMs generate less contraction stress than hFetal-CM

Since previous studies have reported that hPSC-CM resemble hFetal-CM based on gene
expression [4], electrophysiology [5] and morphology [39] we assessed the degree of con-
traction maturity in relation to fetal developmental stage by comparing hPSC-CM to car-
diomyocytes from second trimester human embryos. As reported previously, contraction
stress generated by a single cardiomyocyte is intrinsically dependent on the stiffness of the
substrate [13]. Therefore contraction stresses of all cardiomyocytes were determined on the
same substrate. hFetal-CM isolated from hearts of 14 (N=1), 17 (N=2) and 19 (N=1) weeks
of gestation fetuses were seeded onto 1% gelatin lines microcontact-printed on polyacryla-
mide gels and cultured for three days before contraction force measurements. Cardiomy-
ocyte populations from all four human fetal hearts generated similar contraction stresses
(14 weeks 0.42+0.04 mN/mm?; 17 weeks 0.42+0.03 mN/mm?; 19 weeks 0.39+0.02 mN/mm?
P=0.78) (Figure 2A), indicating unchanged contraction stress levels of cardiomyocytes over
this gestational period. However, in hESC-CM and hiPS-CM, contraction stresses were sig-
nificantly lower than hFetal-CM (Figure 2A and 4B). Correspondingly, a-actinin staining
demonstrated greater sarcomeric organization (Figure 2B) in hFetal-CM than in hPSC-CMs.
The cell surface areas of hFetal-CM were similar (1216 + 44.60um?) to the hPSC-CM popula-
tion (P=0.055) (Supplementary Figure 3).

Contraction Stress (mNImmz)

hiPS-CM hFetal-CM

Figure 2- Comparison of contraction stresses between hPSC-CM and 2nd trimester hFetal-CM. A.
Mean contraction stress generated by hESC-CM (n=45), hiPS-CM (n=45) and 14 week hFetal-CM
(1 heart; n=16), 17 week hFetal-CM (average of 2 hearts; n=50) and 19 week hFetal-CM (1 heart;
n=50). ns = non-significant; *P<0.05; **P<0.01; ***P<0.001. B. Representative images of a-actinin
staining of hESC-CM, hiPS-CM and hFetal-CM. Scale bar 10 um.
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Improvement of hPSC-CM function in vitro

In order to improve contractile force in hPSC-CM, we introduced a step-wise change in
culture conditions of the cardiomyocytes. We first changed the culture format from ag-
gregates to monolayer on day 10. Three days after plating, the medium was changed to
CA. After incubation of hESC-CM and hiPS-CM in CA for ten days (from day 13 to 23
- Supplementary Figure 1) contraction stress increased by 51% and 66%, respectively,
compared to cardiomyocytes maintained in standard differentiation medium BPEL (hESC-
CM in CA 0.43+0.03mN/mm? P<0.0001 and hiPS-CM in CA 0.43+0.02mN/mm? P<0.0001)
(Figure 3A). Interestingly, the contraction stress generated by hPSC-CM maintained in CA
reached similar levels to that in second trimester hFetal-CM (P= 0.6417) (Figure 3A), indi-
cating progressive contractile maturation. Furthermore, the hPSC-CM population almost
doubled in surface area in CA (hESC-CM in CA 2067+169.2um? P<0.0001 and hiPS-CM in
CA 1866+98.85um? P<0.0001) (Supplementary Figure 3). Since contraction stresses of both
hESC-CM and hiPS-CM populations in CA were similar, further functional analyses were
performed on hESC-CM only. Since we used the hESC-NKX2-5-eGFP cardiac reporter line
[34] we could sort single cardiomyocytes based on GFP expression.
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Figure 3- Functional improvement of hPSC-CM in vitro. A. Mean contraction stress at day 23 gener-
ated by hESC-CM in BPEL (n=45) and CA (n=41) and hiPS-CM in BPEL (n=45) and CA (n=43) and in
hFetal-CM combined (mean of 4 hearts between week 14 and 19; n=116). B. Representative examples of
spontaneous AP of hESC-CM in the two different media. C. Electrophysiological comparison between
hESC-CM in BPEL (n=18) and in CA (n=24), with APA, APD50 and APD90, RMP, Vmax, and beating
frequency. D. Percentage of stable hESC-CM in CA when compared to BPEL. ns = non-significant;
*P<0.01; ***P<0.001.
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In addition to contraction stress, electrophysiological analysis is an important functional
readout for assessing maturity of cardiomyocytes [5]. Electrophysiological measurements
were performed by patch-clamp on single hESC-CM previously maintained in control
(BPEL) or in CA media. In order to compare changes in electrophysiological parameters
with changes in contraction force, both assays were performed on the same cell. Contrac-
tion force was first determined in 15 to 20 cardiomyocytes per coverslip in control (BPEL)
and CA, followed by electrophysiological measurements in Tyrode’s solution. Action po-
tential duration (APD) was significantly prolonged at 50% (APD50) and 90% (APD90) re-
polarization in CA, in both spontaneously beating and paced cardiomyocytes at all tested
frequencies (1, 2, 3 Hz). Furthermore action potential amplitude (APA) was increased in
spontaneously beating and 2Hz-paced cardiomyocytes, indicating more mature action po-
tential (AP) shapes (Figure 3B and 3C; Supplementary Table 1). Nevertheless, no differ-
ences on the upstroke velocity (Vmax) or resting membrane potential (RMP), important
parameters reflecting cardiomyocyte maturity, were observed (Figure 3C; Supplementary
Table 1). Besides the differences in contraction stress and electrophysiological measure-
ments of hESC-CM cultured in BPEL or CA, there was also a clear difference in the “stabil-
ity” of cardiomyocytes. Switching medium from that used for contraction force measure-
ments to Tyrode’s solution used for electrophysiology frequently resulted in a contractile
arrest without measurable action potentials during patch-clamp. From hESC-CM cultured
in BPEL only 25% (21 of 84) had measurable APs, while from the same population cultured
in CA 65.9% (29 of 44) of the hESC-CM had measurable APs (Figure 3D), suggesting in-
creased single cell stability in vitro.

To investigate a possible relationship between functional changes in contraction stress and
electrophysiology and changes in gene expression, RNA from GFP/Nkx2.5 sorted hESC-
CM cultured in BPEL and CA was isolated and quantified by q-PCR. Expression of car-
diac genes showed no differences between groups (Figure 4A). To determine the level of
morphological maturation, sarcomeric organization was analyzed. Sarcomeres in aligned
hPSC-CM were immunostained for a-actinin and the sarcomere pattern in each cell was
graded into four different classes [38]: Class I cells display a random or patterned dotted
staining; Class II cells display parallel bands in less than 70% of the cell; Class III display
parallel band patterned staining in more than 70% and less than 90% of the cell; Class IV
display high sarcomeric organization with parallel bands in more than 90% of the cell (Sup-
plementary figure 2). Both hESC-CM and hiPS-CM in CA displayed significant increases
in sarcomeric organization relative to BPEL with a shift from class I to II (Figure 4B and C).
Moreover, both cardiomyocyte populations displayed increased sarcomere length in CA
compared to BPEL (hESC-CM - BPEL 1.66+0.01um, CA 1.83+0.02um, P<0.0001 and hiPS-
CM - BPEL 1.68+0.02pum, CA 1.86+0.01um, P<0.0001) (Figure 4D). Additionally, and in ac-
cordance with contraction stress, both sarcomeric organization and sarcomere length in CA
were comparable to that of hFetal-CM (1.82+0.01um, P=0.3976) (Figure 4B, C and D).

Increase in hPSC-CM maturity in vitro

Next, we investigated whether a further increase in cardiomyocyte maturation could be
achieved by introducing another step of culture in a T3 thyroid hormone based matura-
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Figure 4- Characterization of gene expression and sarcomeric organization of hPSC-CM. A. Relative
gene expression of cardiac genes by for hESC-CM in CA at day 23 compared to expression levels of
these genes in hESC-CM in BPEL (dotted line). Expression levels were normalized to RPLP expression.
B. Classification of sarcomeric organization of hFetal-CM (n=76) and hESC-CM and hiPS-CM in BPEL
(n=77 and n=75, respectively) and CA (n=74 for both). C. Representative images of a-actinin staining
(red) and nuclei (blue) of hESC-CM, hiPS-CM in BPEL and in CA, and of hFetal-CM. Scale bar 10 um.
D. Median, maximum and minimum sarcomere lengths of hESC-CM and hiPS-CM in BPEL (n=53 and
n=58, respectively) and in CA (n=68 and n=65, respectively), and hFetal-CM (n=70). ns = non-signifi-
cant; *P<0.05; **P<0.01; ***P<0.001.

tion medium (MM) for 10 additional days (Supplementary Figure 1). Recent studies have
shown that T3 thyroid hormone has the potential to stimulate different characteristics of
cardiomyocyte maturation [33]. Both hESC-CMs and hiPS-CMs cultured in MM showed
an increase of 140% and 170% in contraction stress, respectively, compared to CMs cul-
tured in BPEL or a 43% and 41% increase compared to CMs in CA media on day 33 (hESC-
CM - BPEL 0.21+0.07mN/mm?, CA 0.36+0.02mN/mm? MM 0.52+0.04mN/mm? P<0.0001)
and (hiPS-CM - BPEL 0.18+0.02mN/mm? CA 0.36+0.02mN/mm?, MM 0.51+0.04mN/mm?
P<0.0001) (Figure 5A). Moreover, hPSC-CMs in MM displayed a higher contraction stress
than hFetal-CM population (hESC-CM vs hFetal-CM P=0.0018; hiPS-CM vs hFetal-CM
P=0.0084) (Figure 5A), indicating that hPSC-CM can be stimulated to mature further in their
contractile output in vitro, beyond the force level of 2nd trimester human fetal cardiomy-
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ocytes. Furthermore, culturing hESC-CM in MM did not increase their cell surface area in
comparison with hESC-CMs in CA (hESC-CM in CA 1378+71.95pum? and hESC-CM in MM
1483+90.38um2 P=0.36), while culturing hiPS-CM in MM increased their cell surface area
in comparison with hiPS-CM in CA (hiPS-CM in CA 1445+74.39um?2 and hiPS-CM in MM
2169+110.2um2 P<0.0001) (Supplementary Figure 4). We next examined the electrophysi-
ological maturation state of hESC-CMs in MM by patch-clamp recordings at day 33. The
Vmax was significantly increased in hESC-CM in MM in spontaneously beating cells and
cells paced at 2 and 3Hz, whereas hESC-CMs in MM had a lower RMP at all frequencies,
indicating electrophysiological maturation. In terms of AP shape, there was an increase
in APA at all tested frequencies, together with an increase in ADP50 and ADP90 (Figure
5B and 5C; Supplementary table 2). Furthermore, the number of stable cardiomyocytes
capable of generating measurable APs upon medium switch following contraction force
measurements increased in MM. Cardiomyocyte stability increased from 29.6% (21 of 71)
in BPEL to 60.5% (23 of 38) in CA and to 85.3% (29 of 34) in MM (Figure 5D).
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In order to shed light on possible molecular mechanisms underlying these functional
changes we analyzed gene expression on NKX2-5-eGFP sorted hESC-CM. In agreement
with functional maturation, a clear increase in expression of genes encoding sarcomeric
proteins such as ACTN2, MYBPC3, MYH6, MYH7, TNNI3 was observed whereas expres-
sion of TNNII1 and of genes encoding calcium handling proteins like SERCA2, RYR2 and
CACNAIC in MM cultured cells was unaltered (Figure 6A). Contractile maturation is
therefore accompanied by upregulation of genes that are important for cardiac contrac-
tility, suggesting a causal relationship. Similarly, electrophysiological maturation is likely
the result of increased expression of sodium and potassium channel encoding genes such
as SCN5A, KCNH2, KCND3, KCNJ12 and KCNQI1, with a decrease in HCN4 (Figure 6A).
Additionally, increased PGCla expression suggested improvements in bioenergetics, since
this gene has been previously shown to regulate mitochondrial biogenesis in these cells
[38].

Correspondingly, hPSC-CM in MM displayed improved sarcomeric organization compared
with cardiomyocytes in BPEL, although not significantly better than hPSC-CM maintained
in CA (Figure 6B and C). Moreover, hPSC-CM in MM showed increased sarcomere length
relative to hPSC-CM in BPEL and CA (hESC-CM - BPEL 1.44+0.05um, CA 1.64+0.02pm,
MM 1.85+0.02um P<0.0001) and (hiPS-CM - BPEL 1.60+0.02pum, CA 1.79+0.02um, MM
1.98+0.02pum P<0.0001) (Figure 6D). Of note, hiPS-CM in MM exhibited better sarcomeric
organization and larger sarcomere length than hFetal-CM, indicating a higher level of struc-
tural maturation (Figure 6B, C and D)

Cardiomyocyte maturation can be assessed from the direct relationship between contrac-
tion force and electrophysiological parameters

Increased contractile force and electrophysiological parameters are important independent
indicators of cardiomyocyte maturation. However, little is known about the relationship
between the two during cardiomyocyte maturation process. Using the micropatterned pol-
yacrylamide platform we were able to measure contraction force and carry out patch clamp
electrophysiology in the same cells. On day 23, contraction force increase was directly pro-
portional to the increase in APA, APD50 and APD90 (Figure 7A). However, contraction
force did not appear to be correlated with Vmax or RMP at this stage (Figure 7A). Interest-
ingly, at day 33 the increase of contraction force was strongly correlated with Vmax, RMP
and APA but not with APD50 and APD90 (Figure 7B), indicating that during cardiomyo-
cyte maturation, the different electrophysiological parameters are independently related to
contraction force.

Discussion

In this study we have shown that cardiomyocytes derived from both hESC and hiPS have
comparable contraction stress, but these are lower than those of second trimester hFe-
tal-CM. By adjusting cardiomyocyte culture conditions in a step-wise manner, we were able
to increase the contraction stress of single hPSC-CM to values higher than hFetal-CM, indi-
cating cardiomyocyte maturation. Corroborating these findings, we also observed changes
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Figure 6- Changes in gene expression and sarcomeric organization of hPSC-CM in MM. A. Expression of genes en-
coding: sarcomeric proteins (ACTN2, MYH6, MHY7, MYBPC3, TNNI1, TNNI3), calcium handling channels (RYR2,
SERCA2a, CACNA1C), membrane ion channels (KCND3, KCNH2, KCNJ12, KCNQ1, SCN5a, HCN4) and the mito-
chondrial master regulator PGCla, normalized to RPLP expression. The dotted line represent gene expression levels
in hESC-CM in BPEL B. Representative images of a-actinin staining (red) and nuclei (blue) of hRESC-CM and hiPS-CM
in BPEL, in CA and in MM, and of hFetal-CM. Scale bar 10 um. C. Classification of sarcomere organization. HESC-CM
and hiPS-CM in BPEL (both n=74), in CA (n=47 and n=45, respectively) and in MM (n=46 and n=46, respectively), and
hFetal-CM (n=76). D. Median, maximum and minimum sarcomere lengths of hESC-CM and hiPS-CM in BPEL (n=38
and n=34, respectively), in CA (n=42 and n=44, respectively) and in MM (n=40 and n=43, respectively), and hFetal-CM
(n=70). ns = non-significant; **P<0.01; **P<0.001.
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Figure 7- Relationship between different electrophysiology parameters and contraction force during cardiomyocyte
maturation. A. Relation between contraction force (nN) and Vmax, RMP, APA, APD50 and APD90 in single hESC-
CM at day 23 (n=42 including hESC-CM in BPEL (white) and in CA (red)). B. Relation between contraction force (nN)
and Vmax, RMP, APA, APD50 and APD90 on single hESC-CM at day 33 (n=60 including hESC-CM in BPEL (white),
in CA (red) and in MM (black)). The P values refer to significance in correlation between the two parameters. With
P >0.05 no correlation was considered existent and therefore no linear regression line was drawn; With P<0.05* and
P<0.01** a correlation was considered existent and a linear regression line was drawn (black line) with the respective
R2. With P<0.0001*** a strong correlation was considered existent and a linear regression line was drawn (black line)
with the respective R2.

in several electrophysiological parameters, sarcomeric organization and gene expression,
all of which indicated cardiomyocyte maturation in culture. Interestingly, we observed a
strong correlation between electrophysiological and contractile maturation measured in
single cells, suggesting involvement of a common pathway for phenotypic and functional

cardiomyocyte maturation.

Despite improvement in differentiation methods of hPSC-CM, their relative immaturity
limits their possible application in disease modelling, drug discovery, safety pharmacology
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and regenerative medicine. In order to overcome this hurdle, it is crucial to compare the
phenotype and function of hPSC-CM with that of cardiomyocytes from the human heart.
Previously, we have shown that hESC-CM and 16 week hFetal-CM were comparable at the
electrophysiological level, whereas hESC-CM displayed less defined sarcomeric structures
[5]. Others have compared transcriptional levels of cardiac genes of hESC-CM to those of
33-35 weeks fetal heart. However, no direct comparison of contraction stress between hP-
SC-CM and human primary cardiomyocytes has been made before. So far the contraction
stress of 44+11.7mN/mm? measured in adult human papillary muscle strips have been used
as a comparison reference value for tissue engineered cardiac patches [12,40]. However,
even though 3D engineered tissues have a closer resemblance to the human heart, differ-
ences such as cellular composition, ratio of cardiomyocytes versus non-cardiomyocytes,
cardiomyocyte orientation, extracellular components and variation in methodology for
calculating contractile stress amplitudes [12], cause a considerable variation in the levels
of contraction stress output. Although a continuous effort to mimic the human heart in all
its complexity is crucial, development of simplified 2D platforms is necessary to comple-
ment 3D models, allowing assessment of molecular, phenotypic and functional changes of
individual cells without interference from external factors. Our results showed similar con-
traction stress between hESC-CM and hiPS-CM (0.29+0.01mN/mm? and 0.26+0.01mN/mm?,
respectively), in agreement with previous reports [13]. These results are comparable to the
0.22+0.07mN/mm? reported for hRESC-CM under similar substrate conditions [9]. Moreover,
hPSC-CM showed lower contraction stress and sarcomeric organization than 14-19 week
hFetal-CM, indicating an earlier maturation stage of these cardiomyocytes under standard
culture conditions. Although it has been reported that expression of contractile and remod-
elling proteins progressed from the first to second trimester [41], not much is known on
the functional progression of hFetal-CM during development. Here we have shown that
contraction stresses of hFetal-CM are similar from gestation week 14 until 19.

In order to promote hPSC-CM maturation in vitro we made use of a commercial defined,
nutrient-rich maturation media containing T3 hormone in combination with a more physi-
ologically relevant substrate stiffness and micropatterned adhesive surfaces to standardize
the cell shape [16,29]. Cardiomyocyte maturation was determined based on various molec-
ular, phenotypic and functional parameters using combinations of different technologies.

We divided our approach in two steps by analysing hPSC-CM maturation progression at
day 23, cultured for 10 days in CA, and at day 33, cultured for an additional 13 days in
MM. At day 23, both hESC-CM and hiPS-CM cultured in CA increased their contraction
stress by 51% and 66%, respectively, and remarkably achieved a level comparable to that of
hFetal-CM. Although this progression in contractility was accompanied by a prolongation
of the AP and increased APA amplitude to levels similar to those in human adult ventricu-
lar muscle [42], the values for Vmax and RMP, two important parameters of electrophys-
iological maturation, did not change. Nevertheless, sarcomeric organization and cell size
increased, and there was a modest increase in the expression of genes encoding contractile
sarcomeric proteins and ion channels. In agreement with these findings, a recent study
by Feinberg and colleagues described that improvement in sarcomere organization led to
increased APD, calcium transient kinetics and contraction stress [43], which is consistent
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with functional maturation. Observed changes in sarcomeric organization and cell size are
compatible with the physiological cardiac hypertrophy during development. However, it
is worth noting that human adult ventricular myocytes have been reported to have surface
areas of 12315+2103um? in culture [44], which is approximately 6 fold higher than the aver-
age hPSC-CM under these culture conditions.

In the following step we prolonged hPSC-CM culture in a T3-based MM, achieving further
cardiomyocyte maturation. hESC-CM and hiPS-CM in MM displayed a higher level of sar-
comeric organization and increased their contraction stress by 140% and 170% respectively
when compared to CMs cultured in BPEL and by 43% and 41% in comparison to CMs in
CA. These results are in accordance with previously reported findings that T3 hormone
increased contractile maturation in hiPS-CM [33]. Interestingly, both hESC-CM and hiPS-
CM in MM generated significantly higher contraction stress than hFetal-CM. In agreement
with increased contractility, gene expression analysis revealed increased expression of
genes encoding contractile sarcomeric proteins such as ACTN2, MYBPC3, MYH6, MYH7
and TNNI3, which have all been described to have lower expression in hESC-CM than in
human adult heart [45]. In particular the B-myosin heavy chain (MYH?) and troponin I
type 3 (TNNI3) are major isoforms in the adult heart[46],[47] and their increase in expres-
sion has been previously linked to cardiomyocyte maturation [8]. Although the a-myosin
heavy chain (MYHS6) isoform is not the dominant MHC isoform in the adult human heart,
its expression in adult human cardiomyocytes is higher than in hESC-CM [45]. Therefore,
the nearly 30-fold upregulation of a-myosin heavy chain expression in hESC-CM in MM, is
likely associated with cardiomyocyte maturation.

Progression in maturation was not only found in contraction but was also observed elec-
trophysiologically. hESC-CM cultured in MM on polyacrylamide gels displayed overall
improvements in electrophysiological maturation with a significant increase in the Vmax,
APA, APD50, APD90 and a decrease in RMP at all tested frequencies. Although the AP
amplitude, APD50 and APD90 of hESC-CM on MM reached levels similar to human adult
ventricular myocytes [42], the levels of Vmax and RMP were still relatively low in compar-
ison with the adult situation. Therefore, additional maturation steps are still required to
reach levels in adult cardiomyocytes. Maintaining cardiomyocyte cultures for a prolonged
time in MM may be sufficient to accomplish such goal, since a recent study described Vmax
of 188.7+12.6V/s and RMP of -68.2+2.1mV in hESC-CM by culturing for <120 days [14].

In accordance with the functional improvements, hESC-CMs maintained in MM showed
increased expression of distinct cardiac ion channel genes. In particular, KCNJ12 encoding
the primary subunit of the inwardly rectifying potassium channel that contributes to IK1,
the current responsible for lowering the RMP, was increased. Furthermore, the RMP itself
influences the availability of the other ion channels in the membrane. Increased expression
of the SCNSA gene encoding the alpha-subunit of the sodium channel conducting INa,
together with a lower RMP, are responsible for the increase in the Vmax. Increased ex-
pression of KCND3, encoding a potassium voltage-gated channel conducting the transient
outward potassium current (Itol), promotes a more mature AP shape [48]. The KCNH2 and
KCNQI1 genes encode the alpha-subunits of potassium channels responsible for the rapid
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and slow delayed rectifier potassium currents (Ikr and IKs, respectively), therefore an in-
crease in their expression advocates a faster repolarization of the cell membrane which can
be linked to shorter AP duration. However, the APD50 and APD90 were prolonged in the
hESC-CMs in MM, which may be explained by the increase in the availability of the L-type
voltage-dependent calcium channel (where CACNAI1C encodes the a-subunit), which is
responsible for the inward flow of calcium and consequent membrane depolarization [49].
The net result is in agreement with electrophysiological maturation, since it has been shown
previously that the expression of genes encoding ion channels is low in hESC-CM when
compared to that in adult heart [4]. Furthermore, the funny current (If) channel HCN4,
which delineates the cardiac conduction system and is important for pacemaking activity
[50], is also expressed in early immature cardiomyocytes during embryonic development
but not expressed in adult atrial or ventricular cardiomyocytes. Therefore, HCN4 downreg-
ulation in MM is also consistent with phenotypic maturation of cardiomyocytes of working
myocardium. Furthermore, increased expression of genes responsible for calcium handling
and metabolism was also observed, suggesting functional maturation of the calcium ki-
netics and metabolism. In summary, hESC-CM in MM displayed increased expression of
genes responsible for contraction, calcium handling, electrophysiology and metabolism,
all indicating a more advanced stage of cardiomyocyte maturation. These effects can at
least partially be attributed to T3, since this has been described as directly inducing MYHS6,
SERCA2, KCND3 and PGCla expression[31,51]. Each of these genes has a critical role in
each functional component characteristic of cardiomyocytes, and their upregulation may
influence the overall maturation. Furthermore, single cell stability increased significantly in
MM compared to BPEL and CA; this could also be attributed to overall cardiomyocyte mat-
uration. In accordance with the contractility, electrophysiological and gene expression mat-
uration, the sarcomeric organization of hPSC-CM in MM improved significantly in compar-
ison to hPSC-CM in BPEL. Corroborating this observation hPSC-CM, displayed a stepwise
increase in sarcomere length from BPEL to CA and to MM, reaching lengths similar to those
observed in 3D tissue patches [12]. Interestingly, at this stage hiPSC-CM displayed better
sarcomeric organization, with highly organized sarcomeres filling more than 90% of the
cell, and greater sarcomere lengths than hESC-CM. This difference is perhaps attributable
to inherent differences between the cells lines. Additionally, hiPSC-CM show significantly
increased sarcomeric organization in comparison to the hFetal-CM, demonstrating a more
mature structure. Furthermore, an automated cell classification was developed, which vali-
dated the manual classification. This software is now available for further cell classification
analysis.

Altogether, these improvements in cardiomyocyte contractility, electrophysiology, sarcom-
ere organization and gene expression are indicative of an overall increase in the hPSC-CM
maturation stage. These parameters together can be considered adequate reporters of mat-
uration. Interestingly, this 2D platform allowed the measurement of contraction forces and
electrophysiology of individual cells in different maturation stages, enabling us to deter-
mine the relationship between these two key characteristics during cardiomyocyte matura-
tion. We observed that the increase in contraction force is only correlated with the increase
in APD50, APD90 and APA on day 23, while on day 33 there was also a correlation between
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Vmax, APA and RMP. Since CA does not induce progression in hESC-CM Vmax and RMP,
there is no correlation between these parameters and the CA induced increase in contrac-
tion force. In MM, however, the biochemical cue from T3 promoted improvement in Vmax
and RMP together with an improvement in contraction force. One possible explanation
for these observations could be that changes in the electrophysiological parameters to a
mature phenotype occur in a process-dependent fashion with parameters such as Vmax,
APA and RMP as late-stage alterations. Alternatively, the lack of significant correlation of
these electrophysiological parameters and contractility at day 23 in CA medium may sug-
gest independent mechanisms of maturation at this stage. The presence of T3 in the late
stage of maturation (MM) may directly affect regulation of genes encoding for sarcomeric
and ion channels, suggesting a possible common pathway responsible for the synchronous
progression of both electrophysiological parameters and contraction force. In this regard,
it is of interest to note that T3 has been shown to increase the inward rectifying potassium
Ik1 currents in guinea pig ventricular myocytes [52], which has a prominent effect on RMP
(and Vmax), but also on shortening of APDs. These results indicate that different electro-
physiological parameters correlate with the contractile force machinery in a distinct manner
during maturation, which may be dependent on the stage or mechanism of maturation.

Conclusions

This is the first study directly comparing contraction stress generation between single hP-
SC-CM and single hFetal-CM on substrates with the same stiffness, establishing the con-
tractile maturation level of hPSC-CM relative to a human fetal stage. Additionally, here we
showed increased hPSC-CM maturation in vitro, with increased contractile force, electro-
physiological maturation, improved sarcomeric organization and increased expression of
cardiac specific genes. During this progression in maturation we established a correlation
between contraction and electrophysiology. This improvement in cardiomyocyte pheno-
type is important for advancing applications of hPSC-CM in cardiac disease modelling,
drug discovery and development and regenerative medicine.
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Supplementary Figure 1- Experimental schematic time line. Spin EB differentiation from day 0 to day 10 in a 96 well
format. At day dissociation of Spin Ebs and plating on a 6 well plate with 30 Spin Ebs per well. Medium change three
days later and culture as monlayer until time of dissociation. At day 20 one well of BPEL and CA were dissociated
and plated on the gelatin lines for 3 days before measurements. The medium of remaining wells were changed and
cultured for ten more days. At day 30 one well of BPEL, CA and MM were dissociated and plated on the
gelatine lines three days before measurements.
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Supplementary Figure 2- Classification for sarcomeric structure based on a-actinin staining. Top right panel- Exam-
ple of class I cells displaying a random or patterned dotted staining. Top left panel- Example of class II cells displaying
parallel band patterned staining in less than 70% of the cell. Bottom left panel- Example of class III cells displaying
parallel band patterned staining in between 70% and 90% of the cell. Bottom right panel- Example of class IV cells
displaying high sarcomeric organization with parallel band patterned staining in more than 90% of the cell.
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Supplementary Figure 3- Cell size comparison between hESC-CM, hiPS-CM in different media and hFetal-CM.
hESC-CM (n=45) and hiPS-CM (n=45) have comparable size. Both hESC-CM (n=41) and hiPS-CM (n=43) increase
their size in CA medium. Both hESC-CM and hiPS-CM in BPEL have comparable size to hFetal-CM (n=116).

Supplementary Figure 4- Cell size comparison between hPSC-CM in different media. hRESC-CM and hiPS-CM in-
crease their size in CA and in MM in comparison to BPEL. hESC-CM does not increase their size in MM relative to CA,
while hiPS-CM in MM display a significant increase in cell size in comparison to hiPs-CM in CA.
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Table 1- Differences in electrophysiological parameters at day 23 at different frequency pacing.

Spontaneous
BPEL CA
Vmax (V/s) 8.51+0.92 9.50+0.70
RMP (mV) -61.47+1.20 -63.47+0.98
Amplitude (mV) 84.99+2.23 93.16+2.00**
APD50 (ms) 107.69+12.89 188.98+13.94***
APD90 (ms) 159.88+13.81 233.75+15.92**
n 18 24
1Hz
BPEL CA
Vmax (V/s) 18.95+1.98 17.63+2.11
RMP (mV) -62.92+1.42 -65.27+1.19
Amplitude (mV) 90.27+3.37 97.48+1.89
APD50 (ms) 97.70+12.94 222.64+40.53**
APD90 (ms) 145.00+£26.26 249.82+30.05*
n 11 10
2Hz
BPEL CA
Vmax (V/s) 19.2242.29 18.94+2.37
RMP (mV) -63.34£1.04 -66.13+1.22
Amplitude (mV) 90.32+2.52 96.89+2.31*
APD50 (ms) 101.5619.66 143.02+11.56**
APD90 (ms) 133.8549.42 179.22+11.04**
n 17 17
3Hz
BPEL CA
Vmax (V/s) 22.4243.26 20.25+2.51
RMP (mV) -63.61+1.24 -66.55+1.21
Amplitude (mV) 90.92+2.81 97.97+2.33
APD50 (ms) 123.58+23.24 140.85+11.56**
APD90 (ms) 125.3916.68 178.04+15.57**
n 18 15
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Table 2- Differences in electrophysiological parameters at day 33 at different frequency pacing.

Spontaneous
BPEL CA MM
Vmax (V/s) 7.02+0.85 12.66+1.54 22.1443.54%** +
RMP (mV) -55.49+1.35 -60.51+1.72 -64.74+1.30%**
Amplitude (mV) 79.70£2.42 87.95+2.39 101.5441.94*** +1+
APD50 (ms) 119.15+10.59 134.09+11.01 175.46+13.71**
APD90 (ms) 185.14410.38 182.51+13.52 248.38+21.68*
n 17 18 26
1Hz
BPEL CA MM
Vmax (V/s) 14.6+2.36 18.77£3.61 21.7447.45
RMP (mV) -55.17+1.88 -67.0440.58*** -69.88+1.85%**
Amplitude (mV) 84.62+3.07 93.81+1.60 107.59£2.29%** +
APD50 (ms) 102.02+16.56 123.30+£18.01 222.08+37.00*
APD90 (ms) 161.50+21.73 178.24+24.41 347.68147.44%* 11
n 8 5 4
2Hz
BPEL CA MM
Vmax (V/s) 13.21+1.72 19.09+2.05 35.5746.33*** 1
RMP (mV) -57.40+1.80 -64.28+1.08* -67.52+1.45%**
Amplitude (mV) 85.21+02.54 94.66+1.64* 106.88%1.67*** 11
APD50 (ms) 109.58+9.37 136.47+11.68 166.98+12.29**
APD90 (ms) 156.461+13.93 191.87+16.37 211.30+14.50*
n 16 11 14
3Hz
BPEL CA MM
Vmax (V/s) 11.90+1.26 23.0815.23 39.47+7.13%**
RMP (mV) -57.01+1.44 -62.01+2.05 -64.40+1.67**
Amplitude (mV) 83.80+2.44 91.64+2.83 102.1242.76%** +
APD50 (ms) 94.88+6.78 110.40+7.70 128.19+8.00**
APD90 (ms) 138.53+6.65 146.52+10.80 172.75+9.66
n 18 16 15
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Abstract

Maximizing baseline function of human pluripotent stem cell-derived cardiomyocytes (hP-
SC-CMs) is essential for their effective application in models of cardiac toxicity and disease.
Here, we aimed to identify factors that would promote an adequate level of function to
permit robust single cell contractility measurements in an induced PSC (hiPSC) model of
hypertrophic cardiomyopathy (HCM). A simple screen revealed the collaborative effects of
thyroid hormone, IGF-1 and the glucocorticoid analog dexamethasone on the electrophys-
iology, bioenergetics and contractile force generation of hPSC-CMs. In this optimized con-
dition, hiPSC-CMs with mutations in MYBPC3, a gene encoding myosin-binding protein
C and causing HCM, showed significantly lower contractile force generation than controls.
This was recapitulated by direct knockdown of MYBPC3 in control hPSC-CMs, supporting
a mechanism of haploinsufficiency. Modelling this disease in vitro using human cells is an
important step towards identifying therapeutic interventions for HCM.
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Introduction

Human pluripotent stem cells (hPSCs) are becoming increasingly used in biomedical re-
search. Their extensive growth and differentiation potential enables routine production of
cell types otherwise difficult to obtain. Cardiomyocytes are an important example, since
collecting biopsies from the heart is highly invasive yet the cells they contain are those most
pertinent to heart disease and drug-associated toxicity. Although many reports have now
demonstrated the utility of hPSC-derived cardiomyocytes (hPSC-CMs) for modelling heart
disease [1-4], the baseline functional performance of these cells is still less than that in adult
heart tissue. Low maximum diastolic potential (MDP) and slow action potential upstroke
velocities are frequently observed across all cardiomyocyte subtypes [5-7], coupled with a
low force of contraction [8,9].

The poor functional output of hPSC-CMs is in large part due to their developmental imma-
turity [6]. While efforts are ongoing to advance the developmental state beyond their fetal
equivalents, another important and valid approach is to also consider ways to maximise cell
function more immediately, which might not necessarily be coupled to or regulated in the
same way as developmental maturation. This might be achieved, for example, by improv-
ing aspects of cell metabolism and bioenergetics. Cardiomyocytes maintained outside their
native environment within the heart may be disconnected from many factors important
for their basic physiology, including relevant growth factor and hormone signalling, ex-
tracellular matrix proteins, other cell populations in the heart and mechanical- and electri-
cal-stimulation. As protocols for hPSC-CM generation have improved and the generation of
pure populations of cardiomyocytes in serum-free media well established, this separation
becomes even more notable. Many physiological factors that would normally be circulating
in the heart are absent under most basal culture conditions and it is unclear which should
be provided in a defined formulation to promote optimal cardiomyocyte function in bio-
assay development.

The MDP is a fundamental determinant of excitability, and in cardiomyocytes from adult
“working myocardium” is around -85 mV [10]. The lack of Ik1 current, due to low expres-
sion of the KCN]J2 gene, is one reason that ventricular- and atrial-like cardiomyocytes from
hPSCs are insufficiently polarised [5,11,12]. However, many other factors affect the resting
membrane potential. These include the activity of the energy demanding Na,K-ATPase, and
potassium conductance as determined by other channels [13,14], which may also not be
appropriately expressed or function optimally. The MDP is a strong predictor of contractile
output in hPSC-CMs [9], and so improving MDP is an important prerequisite for faithfully
modelling diseases affecting excitability or contractility.

One disease predicted to affect cardiomyocyte contractility is hypertrophic cardiomyopa-
thy (HCM). HCM is highly prevalent, affecting 1:500 of the population and can be caused
by mutations in various sarcomeric protein encoding genes [15]. Approximately 70% of
cases are the result of mutations either in MYH?, encoding -myosin heavy chain, or in MY-
BPC3, encoding cardiac myosin-binding protein C (cMyBP-C). As a disease with known ge-
netic cause but ill-defined molecular pathogenesis, HCM is an excellent candidate for stem
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cell modelling [16]. The absence of a cure or even an effective treatment strategy provides
great urgency for in vitro human models to identify drugs able to restore contractile func-
tion and prevent the development of hypertrophy, cardiac remodelling and consequential
arrhythmias. Induced pluripotent stem cells (hiPSCs) have already been generated from
patients with mutations in MYH?7 and MYBPC3, and cardiomyocytes derived from them
[17-19], but their force generation, measured on physiologically-relevant substrate dimen-
sions and stiffness, has not yet been described, and is currently hindered by poor baseline
performance as noted above.

In this study, we began with a well characterised NKX2-5e GFP/w human embryonic stem
cell (hESC) line, in which working cardiomyocytes are specifically marked by eGFP ex-
pression [20,21], to identify factors or combinations of factors which promoted an increase
in their resting plasma membrane potential, or that had an anabolic effect, making the as-
sumption that such factors could have functional benefit. We then tested these factors at the
level of single cell traction force and action potential generation. Optimized conditions were
then applied to an hiPSC model of MYBPC3 insufficiency and this revealed a contractile
defect in cardiomyocytes derived from MYBPC3 mutation carriers.

Results

The identification of factors modulating hPSC-derived cardiomyocyte plasma membrane
potential and size

Populations of cardiomyocytes were generated by monolayer differentiation of NKX2-5eG-
FP/w hESCs and these were maintained until day 16. To screen for modulators of resting
plasma membrane potential (AWp), we assessed short-term accumulation of the cationic
fluorescent probe tetramethylrhodamine methyl ester (TMRM) in cell suspensions. TMRM
follows Nernstian behaviour across cell membranes, the early phase of TMRM accumula-
tion into cells is dominated by the AWp, while with longer loading times the mitochondrial
membrane potential and matrix volume contribute increasingly to total accumulation [22].
Time-course measurement of TMRM accumulation was performed from control conditions
(Figure 1a and b). Based on this, 8 mins loading time was chosen for relative assessments of
AWp, since this was in the linear phase of accumulation but gave signal substantially above
background. Additionally, total cellular eGFP fluorescence was used as an estimate of cell
size/volume, on the assumption that eGFP levels should correlate with total cell protein.
There are several caveats to this reasoning, but modulators can be subsequently validat-
ed with more direct assays. In support of a general correlation, fetal calf serum exposure,
known to increase the size of these cells [23], increased eGFP levels after 5 days of exposure
(Fig. S1).

The following factors, each with putative roles in cardiomyocyte function, were tested: in-
sulin-like growth factor 1 (IGF-1), the hedgehog signalling agonist SAG, the synthetic glu-
cocorticoid dexamethasone (Dex), triiodothyronine hormone (T3), the a-adrenergic agonist
phenylephrine (PE) and the -adrenergic agonist isoproterenol (ISO) [24-29]. Testing was
performed in a serum-free, low-insulin medium that has become a widely used standard for
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Figure 1- Using TMRM to identify modifiers of AWp in hESC-derived NKX2-5+ cardiomyocytes. A.
Time-course measurement of TMRM accumulation after cardiac differentiation of NKX2-5eGFP/w
hESCs. FACS plots show eGFP and TMRM fluorescence after 0, 4, 8, 13 and 22 mins of loading with
TMRM. A minor cross-bleed correction has been applied to all. B. Median TMRM fluorescence inten-
sity in eGFP+ cells plotted against loading time. C. eGFP and TMRM fluorescence values in eGFP+
cardiomyocytes relative to a vehicle-only control after 5 days of incubation with the factors shown
(n=6-34). D. eGFP and TMRM fluorescence values in eGFP+ cardiomyocytes relative to a T3-treated
control after 5 days of incubation with the factors shown (n=10-22). E. Upper panel: example FACS
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plots showing measurement of a vehicle-only control alongside a T3+IGF-1+Dex-treated sample. Low-
er panel: Histograms of eGFP and TMRM intensity in the eGFP+ populations as marked on the dot
plots above. F. eGFP and TMRM fluorescence values in eGFP+ cardiomyocytes relative to a T3+IGF-
1+Dex-treated sample after 5 days of incubation with the factors shown (n=11). Data are mean+SEM.
The n signifies biological replicates. Statistical significance compared to the vehicle-only control was
calculated using a one-way ANOVA with Dunnett’s correction, # P<0.05 for eGFP fluorescence, * P<0.05
for TMRM fluorescence. See also Figure S1 and S2.

maintenance of these cells [30]. Contracting monolayers of differentiated cells (day 16) were
maintained for 5 days in each test condition before measurement (Figure 1c). IGF-1 was the
only factor to significantly increase eGFP fluorescence intensity, and TMRM accumulation
increased only proportionally in this condition. IGF-1 may therefore mildly increase cell
volume without affecting AWp. T3 was the only factor that significantly increased TMRM
accumulation, while eGFP fluorescence remained unaffected. This indicated an increase
in AWp by T3, but not in cell volume. While ISO mildly increased TMRM accumulation,
neither ISO nor PE induced an increase in eGFP fluorescence; inconsistent with their estab-
lished role as hypertrophic agonists in other cardiomyocyte systems but consistent with a
reported variable response in some hPSC-CM lines [31-33]. Dex had little effect on either
eGFP or TMRM, consistent with unpublished work from our group showing a lack of ef-
fect by Dex-alone on cardiomyocyte electrophysiology in hPSC-derived cardiomyocytes
(Kosmidis et al. unpublished results), but inconsistent with its previously described role
in cardiomyocyte maturation [28,34], suggesting that competence factors may be lacking.

These results support a role for T3 in determining AWp in hPSC-derived cardiomyocytes,
but not for maturation-related growth. To explore the possibility of enhancing this condi-
tion further, we tested the effect of additional IGF-1 or Dex compared to T3-alone (assigned
as the new reference control and normalized to 1) (Figure 1d). The addition of IGF-1 again
mildly increased eGFP levels over T3-alone, while T3+Dex mildly, but significantly in-
creased TMRM accumulation. However, the combination of T3+IGF-1+Dex (TID) increased
both eGFP and TMRM significantly, suggesting an enhancement in both size and possibly
AWp (Figure 1e), changes which could be associated with further improved cardiomyocyte
function. The increased eGFP fluorescence with T3+IGF-1 and TID was not associated with,
and therefore explained by, a relative increase in eGFP mRNA expression in these cells
(Fig. S2). Upregulation (~4-fold) of the glucocorticoid-response gene FKBP5 confirmed in-
creased glucocorticoid signalling by Dex (Fig. S2). The action of TID on eGFP levels and
TMRM accumulation was confirmed in cardiomyocytes from an independent NKX2-5eGF-
P/w knock-in reporter M1 hESC line as well as an NKX2-5e GFP/w knock-in reporter hiPSC
line (Fig. S1).

As insulin was present in the basal medium at 1 pg/ml for all these assays and at these
concentrations can cross-react with the IGF-1 receptor, we separately tested the impact of
insulin and IGF-1 in this T3+Dex condition. Addition of 1 ug/ml insulin-alone to the medi-
um containing T3+Dex significantly increased eGFP fluorescence, but addition of 100 ng/
ml IGF-1 increased eGFP fluorescence further and also increased TMRM accumulation (Fig.
S1). This suggests that activation of the IGF receptor is the primary mediator of this re-
sponse.

78



Importantly, in the presence of TID, cardiomyocytes responded appropriately to stimula-
tion by the adrenergic agonists: norepinephrine (NE), PE or ISO, with an increase in eGFP
fluorescence, suggesting that a baseline level of bioenergetic- or anabolic-activity may be
important for this hypertrophic response (Fig. 1f). Relative eGFP mRNA expression was
not significantly affected by these factors (Fig. S2). The action of adrenergic agonists did
not, however, increase TMRM accumulation beyond the increase in eGFP intensity, sug-
gesting increased TMRM was probably due to increased cell volume and not due to a fur-
ther improvement in AWp by these factors.

Bioenergetic response in cardiomyocytes by the concerted action of T3, IGF-1 and dexa-
methasone

The response to IGF-1 and Dex in terms of cardiomyocyte growth and AWp suggests a
possible synergistic role in metabolic stimulation. To test this, bioenergetic profiling of con-
tracting cardiomyocyte monolayers was performed using the Seahorse XF24 Analyzer on
cells treated during the same experimental time-course. Contraction rates, measured prior
to analysis, were not significantly different between groups (Figure 2a). Under standard
conditions (15 mM glucose, 0.5 mM sodium pyruvate) normalized to total cell protein, T3
mildly increased the oligomycin-sensitive respiration rate as previously reported (Yang et
al., 2014), indicating increased mitochondrial ATP turnover (Figure 2b and d). Neither IGF-
1 nor Dex stimulated this further, but the combination of TID did have a further stimulatory
effect (TID: 213+4 vs Vehicle: 124+6 pmoles O2/min/10 pg cell protein; p<0.05). The anaer-
obic glycolytic rate (calculated as previously described by Mookerjee et al., 2015) was also
significantly increased by TID (TID: 68+4 vs Vehicle: 34+4 pmoles H+/min/10 pg cell protein;
p<0.05) (Figure 2c). A conversion of these values to ATP production rates (see Experimental
procedures) showed a large increase (1.7-fold) in combined ATP turnover with TID (Figure
2d). The oligomycin-inhibited rates, the maximum uncoupled respiration rates induced by
FCCP, and the non-mitochondrial rates, were not significantly different between conditions
(Figure 2b). These results support a synergistic effect for the actions of IGF-1 and Dex on
basal cell activity. Inhibition of both excitation and contraction by co-injection of nifedip-
ine and blebbistatin decreased the mitochondrial respiration rate by 39.3+4.2% in the vehi-
cle-only condition and 43.9+9.0% in TID (Figure 1e) after subtraction of a minor buffer-only
injection effect. As the starting respiration rate was higher with TID this showed that the
activity of these processes had increased at least proportionally by TID.

Sensitivity to substrate supply was assessed by examining the change in basal respiration
rate and respiratory capacity on inhibition of either long-chain fatty acid uptake into mi-
tochondria by the carnitine palmitoyl transferase inhibitor etomoxir (40 pM) or inhibition
of mitochondrial pyruvate uptake by inhibition of the pyruvate transporter with UK5099
(5 uM). These experiments were performed in a more physiological medium containing
5.5 mM glucose, 0.15 mM sodium pyruvate and 100 uM palmitate. Figure 2f and 2g show
typical respiratory responses to etomoxir and UK5099 of cells from vehicle-only medium
and TID-medium respectively. Figure 2h shows quantification of the sensitivity of basal
and FCCP-stimulated mitochondrial respiration rates to these inhibitors. Basal respiration
in cells from vehicle-only medium and TID-medium was inhibited 21.0+4.3% and 24.4+4.9%
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Figure 2- Bioenergetic profiling of hESC-derived cardiomyocytes. A. Contraction frequency in car-
diomyocyte monolayers, treated for 5 days with the factors shown, prior to Seahorse measurement.
B. Respiration rates in cardiomyocyte monolayers treated with the factors shown, normalized to cell
protein. Basal = endogenous rate; Oligomycin = ATP synthase-inhibited rate; FCCP = maximum un-
coupled rate; Rot + Ant A = non-mitochondrial respiratory rate. C. Glycolytic rate measured in parallel
with respiration, normalized to cell protein. D. Theoretical basal ATP production rates from oxidative
phosphorylation and anaerobic glycolysis calculated from measurements in B and C. E. Real-time res-
piration measurements of vehicle-only and TID-treated cells and response to injection of vehicle-only
or nifedipine + blebbistatin, then oligomycin, and finally rotenone and antimycin A. F. Real-time res-
piration measurements of vehicle-only or G. TID-treated cells and response to injection of vehicle-only
or 40 uM etomoxir or 5 pM UK5099, then oligomycin, FCCP, and finally rotenone and antimycin A.
H. Sensitivity of basal and FCCP-stimulated mitochondrial respiration to etomoxir and UK5099 in
vehicle-only or TID-treated cells. Bar data are mean+SEM from three independent experiments, each
comprising 4-5 measurement wells per condition. Real-time respiration plots show data of a typical
experiment mean+SD of individual wells. Statistical significance compared to the vehicle-only control
was calculated using a one-way ANOVA with Dunnett’s correction for b-d. * P<0.05. See also Figure S3.

respectively by etomoxir, and 27.7+4.2% and 31.9+3.3% respectively by UK5099. The ba-
sal respiration rate was again higher in TID-treated cells. FCCP-stimulated respiration in
cells from vehicle-only medium and TID-medium was inhibited 18.5+2.1% and 20.2+2.2%
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respectively by etomoxir, and 53.8+5.5% and 47.0+2.9% respectively by UK5099. Overall,
these data suggest that TID increases the basal utilization of both glucose and fatty acids
in cardiomyocytes in concert with increased ATP demand for excitation/contraction as well
as other processes. In line with these changes, TID increased expression of PGC-1a and
PGC-1p (Fig. S2), important regulators of myocardial FAO and mitochondrial function (Bir-
ket et al., 2013; Finck and Kelly, 2007). We additionally found that increased bioenergetic
activity by TID exposure was associated with a decreased rate of dihydroethidium (DHE)
oxidation, suggesting a decreased level of reactive oxygen species (Fig. S3), which may also
support improved cardiomyocyte function.

Electrophysiological and contractile improvements by the concerted action of TID

To test whether the bioenergetic changes and improved resting AWp resulted in improve-
ments in electrophysiological function, action potentials were measured in spontaneously
active cells. To focus on a possible effect of glucocorticoid signalling we measured cells
maintained in three conditions: vehicle-only, T3+IGF-1 and TID. The results are shown in
Figure 3 and summarized in Table 1. The MDP was increased by both T3+IGF-1 and TID
(Figure 3b), aligning well with our estimates by TMRM uptake. The amplitude of the AP
was also increased progressively by both treatments (Figure 3c). Interestingly, while the
upstroke velocity was not significantly increased by T3+IGF-1 it was markedly increased
by TID, from 16+5 V/s to 59+6 V/s (Figure 3d; p<0.05). This specific effect was significantly
blocked by 6 uM GSK650394, an inhibitor of the serum- and glucocorticoid inducible kinase
SGK1 [35] which was previously shown to block cardiac sodium channel degradation, and
which is activated by IGF-1 [36]. We confirmed SGK1 upregulation in response to Dex (Fig-
ure 3g). SCN5A expression was not increased by dexamethasone (Fig. S2), and the inhibitor
did not significantly affect any other aspect of the AP, together supporting this specific
mechanistic explanation. Despite the increased MDP, AP frequency was increased by TID
in this single cell format (Figure 3f), differing from measurements in the monolayer format
in Figure 2a. In summary, the AP data also supports the conclusion that cardiomyocyte
function was improved by the action of TID.

Table 1- Action potential parameters of single spontaneously active cardiomyocytes.

Vehicle T3+IGF-1 T3+IGF-1+Dex TID+SGKi

(n=12) (n=15) (n=33) (n=16)
MDP (mV) —66.9+1.2 —71.5+0.9* —74.2+0.8* —74.2+1.1*
dV/dtmax (V/s) 15.8+2.2 21.5+4.9 58.9+4.6* 36.5+5.6
APA (mV) 97£2 104£2% 112+2% 114+2%
APDso (ms) 110£11 98+12 10411 97£10
APDy (ms) 146+14 125+13 134+11 124+10
Frequency (Hz) 1.6+0.2 2.1+0.2 2.5+0.2% 2.2+0.2
Capacitance (Cm) 20+3 17+1 2542 24+3

Data are mean+SEM; TID+SGKi=T3+IGF-1+Dex+GSK650394, n=number of cells, MDP=maximal dias-
tolic potential, dV/dtmax=maximal upstroke velocity, APA=action potential amplitude, APD50, and
APD90=action potential duration at 50, and 90% repolarization, respectively. * p<0.05 compared to
vehicle. One-Way ANOVA with a Tukey post-test.
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Figure 3- Cardiomyocyte action potential measurement. A. Typical examples of action potential (AP)
traces from single spontaneously active cardiomyocytes maintained in the three conditions indicated.
B-G. Average data of maximum diastolic potential (MDP), AP amplitude, AP upstroke velocity, and
AP duration at 50% (APD50) and 90% (APD90) repolarization and AP frequency. SGKi =5 day co-incu-
bation with 6 uM GSK650394. Data are mean+SEM. Actual AP values and n values are shown in Table
1. Statistical significance was calculated using a one-way ANOVA with Tukey’s multiple comparison
test * P<0.05.

We next examined single cell contractility under the same maintenance conditions with
the exception that cardiomyocytes were plated on soft micropatterned polyacrylamide gels
(20 um-wide gelatin lines) containing fluorescent micro-beads. Bead displacement was im-
aged during spontaneous contraction of individual cells and converted to a value of trac-
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tion stress (Figure 4a), as previously described [9]. In vehicle-only medium, mean trac-
tion stress was 0.15+0.02 mN/mm? in T3+IGF-1 this was increased by 1.8-fold to 0.27+0.02
mN/mm? (p<0.05), and in TID medium it was increased by 2.9-fold to 0.44+0.04 mN/mm?
(p<0.05) (Figure 4b). This corresponded to traction forces of 0.15+0.02 uN, 0.36+0.04 uN
and 0.76+0.08 uN for vehicle-only, T3+IGF-1, and TID medium, respectively. The poten-
tiated increase in traction stress by the addition of Dex, over the T3+IGF-1-condition, was
significant (p<0.05). Cardiomyocyte area was increased 1.4-fold by T3+IGF-1 (p<0.05) and
1.8-fold by TID (p<0.05) (Figure 4c), although cells remained small compared to adult hu-
man equivalents (Ancey et al., 2003). The potentiated increase in cell area by Dex was sig-
nificant (p<0.05), aligning with our estimates by eGFP intensity. Contraction frequency was
increased by TID, however as the force-frequency relationship was negative in all condi-
tions this did not explain the difference in traction stress between the conditions (Figure
4d). A co-staining of Troponin I and a-actinin showed that the structural organization of
sarcomeres was improved by TID and sarcomeres were more uniform across the entire
area of each cardiomyocyte (Figure 4e and Fig. S4). Expression of the contractility-related
protein encoding genes: MYH6, ACTN2, MLC2V and SERCA2 were upregulated by TID,
although they were not significantly different between T3+IGF-1 and TID (Fig. S2). T3 re-
pressed MYH7 expression as previously reported (Iwaki et al., 2014). An increase in traction
stress by TID was also recorded in cardiomyocytes from the M1 hESC line (Fig. S4).
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Figure 4- Single cardiomyocyte traction force measurement. A. Typical examples of single aligned (spontaneously
contracting) cardiomyocytes from vehicle-only and T3+IGF-1+Dex containing medium, showing a brightfield im-
age of the relaxed form and a heat map of traction stress applied to the substrate calculated from the mean of the
traction stress vectors (corresponding to Supplementary video 1). B. Traction stress, C. cell area and D. Traction
stress-frequency relationship, of single spontaneously contracting cardiomyocytes maintained in vehicle (n=44),
T3+IGF-1 (n=44) and T3+IGF-1+Dex (n=45). E. Immunostaining of typical aligned cardiomyocytes from vehicle- and
TID-containing medium. Box and whisker plots show the median, interquartile range and 10-90 percentile range. The
n signifies the number of individual cells measured, acquired over 3 independent experiments. Statistical significance
was calculated using a one-way ANOVA with Tukey’s multiple comparison test * P<0.05. Scale bar = 10 um. See also
Figure S4.
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Contractile dysfunction in a hiPSC model of hypertrophic cardiomyopathy

We have previously observed that single hiPSC-derived cardiomyocytes also generate very
low contractile forces when maintained under standard basal conditions ( ~0.2 mN/mm?)
(Ribeiro et al., 2015 and unpublished observations). This creates a very low level of sen-
sitivity for detecting defects in function, as even the control cells may be functioning far
from their full dynamic range. Therefore we took the opportunity to apply the TID-con-
taining medium to an hiPSC disease model in which the derivative cardiomyocytes carry a
¢.2373dupG mutation in MYBPC3 [17]. This mutation causes HCM in patients [37]. The mu-
tant MYBPC3 hiPSC-CMs were compared to cardiomyocytes derived from two hiPSC lines
generated from healthy controls. Cardiac functional data of the HCM patients is provided
in Table S1. A significant decrease in MYBPC3 protein relative to a-actinin was observed in
the cardiomyocytes from all three HCM lines compared to both controls when measured at
day 25 of differentiation (Figure 1a and b).

Attempts to measure these hiPSC-CMs in medium without TID proved unsuccessful as
even the control cells failed to reliably generate robust bead displacement. However, in
medium containing TID, traction force on the polyacrylamide substrate could be measured
in all cell populations. Under these conditions, traction stress was significantly decreased
in all three mutant lines: HCM1 0.31+0.02 mN/mm? HCM2 0.30+0.03 mN/mm? HCM3
0.29+0.03 mN/mm?2, compared to both controls: Conl 0.57+0.04 mN/mm?, Con2 0.51+0.03
mN/mm? p<0.05 (Figure 5¢ and d). This corresponded to traction forces of 0.43+0.04 uN,
0.46+0.06 1N, 0.44+0.05 uN and 0.81+0.16 pN, 0.86+0.10 uN for HCM1, HCM2, HCM3 and
Conl, Con2, respectively. A difference in cardiomyocyte size as measured by cell area, was
not evident between the control and the mutant cells, suggesting an overt hypertrophic
response had not occurred by this stage of development under these conditions (Figure 5e).
Contraction frequencies were not different (Fig. S4).

Discussion

Using a simple flow cytometry based assay we have identified a combination of defined
factors, namely thyroid hormone (T3), IGF-1 and the glucocorticoid dexamethasone, which
together enhanced the functional properties of hPSC-derived cardiomyocytes. We observed
that T3 principally increased the resting membrane potential (AWp), a critical factor in de-
termining excitability and contractility, while IGF-1 and dexamethasone acted synergisti-
cally to stimulate cell energetics and traction force generation. In this optimized condition
we assessed the impact of an HCM-causing mutation in MYBPC3, or gene knockdown.
Decreased force generation was observed in both cases, recapitulating measurements in
mutant mouse models and patient-derived cells, opening up the possibility of using this in
vitro-based human model as a tool for future mechanistic studies and drug screening.

The positive influence of T3 on cardiomyocyte function is well supported in the literature.
Levels increase markedly at birth in humans and have an important role in heart devel-
opment and maturation [27,38]. T3 was previously shown to increase the activity of the
Na,K-ATPase in cardiomyocytes [39], as well as increasing the Ikl current [40], both of
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Figure 5- Single cell traction force measurements in cardiomyocytes with MYBPC3 mutation or MYBPC3 shRNA
knockdown. A. Western blot of MYBPC3 protein from two control (Conl and Con2) and three MYBPC3 mutation
lines (HCM1, HCM2 and HCM3). a-actinin is shown as a loading control for cardiomyocyte input. B. Relative MY-
BPC3 levels normalized to a-actinin levels based on densitometry of Western blot data (n=3-6 lysates). C. Typical
examples of single aligned (spontaneously contracting) cardiomyocytes from control (Conl) and MYBPC3 mutation
(HCM3) lines, showing a brightfield image of the relaxed form and a heat map of traction stress applied to the sub-
strate calculated from the mean of the traction stress vectors (corresponding to Supplementary video 2). D. Traction
stress and E. cell area of single spontaneously contracting iPSC-derived cardiomyocytes from two control (Conl
[n=47] and Con2 [n=36]) and three MYBPC3 mutation lines (HCM1 [n=44], HCM2 [n=54] and HCM3 [n=43]). Unless
otherwise stated the n signifies the number of individual cells measured, acquired over 3 independent experiments.
Statistical significance was tested with a one-way ANOVA with Tukey’s multiple comparison test in D and E, compar-
ing either control against the HCM lines independently, and a Dunnett’s correction in g and h. Comparison to both
controls in d are statistically significant *P<0.05. Scale bar = 10 pm. See also Figure S5.

which could explain the increase in AWp observed here. T3 also affects sarcomeric gene ex-
pression, stimulating expression of a-MHC, the fast ATPase activity MHC isoform, and re-
pressing the expression of 3-MHC, the slow ATPase activity isoform [41,42]. This effect was
also shown in hESC-CMs by Yang et al. (2014), and confirmed here. These changes in MHC
isoform expression may contribute to the increased contractile force generation observed
with T3, as also previously reported by Yang et al. (2014). However, from this base condition
we were able to extend these findings with the identification of additional physiologically
relevant factors important for hPSC-CM function. IGF-1 also circulates in the developing
heart and has an important role in myocardial cell growth and metabolism by signalling
through the IGF-1 tyrosine kinase receptor [29]. We found that IGF-1 mildly increased the
size of hPSC-CMs, but more importantly proved an essential factor in revealing a positive
functional role for the glucocorticoid dexamethasone in this system. Synergistic effects for
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IGF-1 and dexamethasone have been reported in skeletal muscle and heart, with pro-dif-
ferentiation and anti-atrophic effects observed [43-45]. Glucocorticoids also promote the
structural and functional maturation of fetal mouse cardiomyocytes [28,34], but have little
effect on hPSC-CMs when added alone although do affect calcium handling (Kosmidis et
al. unpublished results). Interestingly, the positive effect reported by Rog-Zielinska et al. in
cultured cells was blocked by PGC-1a knockdown, a protein known to regulate mitochon-
drial respiration in cardiomyocytes [23]. Our observation here, that in combination with
IGF-1 dexamethasone exerted a clear bioenergetic response, also supports the conclusion
that the functional improvements in force generation and electrophysiology may at least
partly be the result of enhanced energy production pathways. Basal respiration coupled to
ATP synthesis was increased by TID, and as this rate remained proportionally sensitive to
inhibitors of excitation and contraction these processes must be more active in these cells.
Additionally, we showed that basal respiration was sensitive to inhibitors of both mito-
chondrial pyruvate uptake as well as fatty acid uptake, implying that substrate supply also
exerts significant respiratory control in both basal and TID conditions. The higher respira-
tory rate in TID suggests that both pyruvate and fatty acid usage was increased. TID also
stimulated anaerobic glycolysis which will provide additional pyruvate for mitochondria
but can also drive the synthesis of biomass through precursor synthesis [46], and increase
NADPH production important for ROS detoxification[47]. Reduced DHE oxidation in cells
treated with TID indeed indicated lower ROS levels. Mitochondrial ROS production may
also be lower as a result of the increased ATP turnover[48]. While ROS have been shown to
have an important role in cardiomyocyte development[49], elevated levels can be inhibitory
to cell function so a balance may be important[23,50-52].

At the electrophysiological level, in the presence of T3, the addition of IGF-1 and dexameth-
asone caused a large increase in hRESC-CM AP upstroke velocity not explained solely by the
MBDP. This was not associated with increased SCN5A expression and was therefore predict-
ed to involve altered cardiac sodium channel regulation. The functional improvement was
highly sensitive to small molecule inhibition of the glucocorticoid-inducible kinase SGK1
which is known to regulate degradation of the channel through inactivation of the ubiquitin
ligase NEDD4-2 [36,53]. This result supports a role for SGK1 in hPSC-CM function and will
be an important avenue for future investigation. A further improvement was seen in the
AP amplitude by TID, a parameter known to correlate with contractile force generation at
a single cell level [9]. Indeed, TID substantially increased the traction force of hPSC-CMs as
well as their sarcomeric structural organization, showing that all core aspects of cell func-

tion were enhanced.

Having identified conditions for maximising traction force, we were able to apply the sys-
tem to a cardiac disease model. HCM is caused by mutations in sarcomeric protein-encod-
ing genes important for contractile function, of which mutation in MYBPC3 accounts for ap-
proximately 35% of cases. While animal models of MYBPC3-deficiency and patient-derived
cells have been well studied [54-60], a widely accessible human in vitro model has been
lacking. Here, using two independent approaches, we assessed the impact of MYBPC3-de-
ficiency on hPSC-CM contractile force generation. Cardiomyocytes from patient-derived
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hiPSCs carrying a non-sense mutation in MYBPC3 had <50% of normal MYBPC3 levels and
were found to exert significantly less force at the single cell level. Our results are supported
by measurements in adult patient-derived cells assessed in vitro where a 30-40% decrease in
maximum Ca2+-activated force development has been observed in cells with the ¢.2373in-
sG mutation, and a mechanism of haploinsufficiency suggested [59-61]. Importantly, the
force generation defects we observed here were in non-hypertrophic cells, suggesting a
primary event not consequential to hypertrophy and related maladaptive processes. This
observation is consistent with the diastolic dysfunction reported in non-hypertrophic car-
diomyocytes of mice heterozygous for a point mutation in mybpc3 [62]. Together these
results support the possibility that the contractile dysfunction is an early initiating event in
HCM disease pathogenesis. The specific initiating cause of the force generation defect in the
hPSC-CMs studied here is unknown, as in all other models of MYBPC3 mutation studied so
far. Potential causes could include a defect in sarcomerogenesis leading to a reduced my-
ofibril density, perturbed cross bridge cycling or increased sarcomere calcium sensitivity
leading to diastolic dysfunction, or more general metabolic disturbance. Having a human
model where this phenotype can be genetically induced and studied in a developmental
context will present new opportunities to address this question. This could in turn lead to
new therapeutic strategies for HCM, which is currently without cure.

In summary, providing functionally important physiological factors to hPSC-CMs may be
critical for achieving robust baseline function and maximising their use in applications of
disease modelling, drug discovery and development, and toxicity screening. These are ma-
jor goals for the stem cell field. Here we found that three defined factors were sufficient to
markedly improve the function of hPSC-CMs and facilitated their use in a disease model of
HCM. The advance in culture conditions towards a fully defined formulation also revealed
the potential of the single cell traction force measurement technology for studying diseases
of contractility in a highly controllable system.

Experimental Procedures
hPSC culture and differentiation

H3 NKX2-5eGFP/w hESCs or M1 NKX2-5eGFP/w hESCs as previously generated [21],
were maintained on mouse embryonic fibroblasts and passaged using TrypLE select (Life
Technologies). The generation of transgene-free hiPSCs from skin fibroblasts of one healthy
male donor (LUMCO0004iCtrl [Con1]) and three patients each with a ¢.2373dupG mutation
in MYBPC3 (LUMC0033iMyBPC [HCM1], LUMC0034iMyBPC [HCM2] and LUMCO0035i-
MyBPC [HCM3]) was previously reported [17]. A second transgene-free control hiPSC line
(LUMCO0047iCtrl [Con2]) generated from another healthy male donor was included in this
study. hiPSCs were maintained on Matrigel (growth factor reduced; Corning 354230) in
mTeSR1 medium (Stem Cell Technologies) and passaged with 1 mg/ml Dispase (Life Tech-
nologies). NKX2-5e GFP/w hiPSCs (RPD, CLM unpublished) were maintained in Essential
8 medium (Life Technologies) and differentiated as previously described (van den Berg
2015).

Cardiac differentiation was induced from monolayer cultures on Matrigel in a serum-free
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medium (BSA, polyvinyl alcohol, essential lipids [BPEL]) as described in Supplemental in-
formation. Contracting cultures were dissociated on day 13 and replated on Matrigel-coat-
ed 24-well plates. The following experimental factors were added on day 16, refreshed on
day 20 and measured on day 21: 100 ng/ml Long R3 IGF-1 (in the main text: IGF-1), 1 uM
SAG (Millipore), 1 uM dexamethasone, 100 nM triiodothyronine hormone, 10 uM phenyle-
phrine, 1 uM isoproterenol, 1-1000 nM norepinephrine. Unless otherwise stated all factors
were obtained from Sigma

Flow cytometry measurements for plasma membrane potential and reactive oxygen species

For relative plasma membrane potential measurement, differentiated cultures were disso-
ciated on day 21 (after treatment as above from day 16) using 5x TrypLE Select and resus-
pended in 2.5 nM TMRM (Life Technologies) in warm assay medium. Cells were incubated
for 8 minutes at 37°C before being measured by flow cytometry. For superoxide detection,
dissociated cells were labelled with 5 uM DHE for 30 mins at 37°C and then measured by
flow cytometry. Appropriate compensation to correct from cross-bleed was performed for
each.

Respiration and acidification rates measured with the Seahorse XF-24 Analyzer

Respiration and acidification rates were measured on adherent cells using a Seahorse XF-24
or an XF-96 Analyzer (Seahorse Bioscience). Cells were seeded on Matrigel-coated assay
plates in BPEL medium 7 days before measurement. The assay was performed in bicarbo-
nate-free DMEM as described in Supplemental information. The standard glucose concen-
tration was 15 mM glucose and was supplemented with 0.5 mM sodium pyruvate. Cells
were washed twice and pre-incubated in the assay medium for 1 h before measurement. For
the standard profiling oligomycin was used at 0.5 ug/ml, FCCP titrated in 2 injections to 3
puM and rotenone and antimycin A were added at 1 uM and 2 uM respectively. A standard
protein assay was used to normalize values to whole cell protein. Glycolytic rate calcula-
tions and ATP production rates are described in Supplemental information. To assess ATP
demand for excitation and contractility nifedipine (10 pM) and blebbistatin (5 pg/ml) were
co-injected and the respiration rate immediately recorded, followed by measurements af-
ter oligomycin and then rotenone and antimycin A injection. A vehicle-only injection was
performed in parallel and the effect subtracted. Experiments analysing the effect of eto-
moxir and UK5099 were performed on the XF-96 format using an assay medium with the
following modifications: the glucose concentration was 5.5 mM, sodium pyruvate 0.15 mM
and palmitic acid was included at 100 uM conjugated to fatty acid-free BovoStar BSA as
described in Supplemental information. 10 mM HEPES was also included in this assay me-
dium to provide extra buffering (glycolytic rates were not calculated). Cells were washed
twice and pre-incubated in this assay medium for 4 h before measurement. To assess the
response to substrate uptake inhibitors, 40 uM etomoxir or 5 uM UK5099 were injected and
respiration rates recorded after 45 mins, followed by injections of oligomycin, FCCP (3 uM)
and then rotenone and antimycin A. A vehicle-only injection was performed in parallel and
the effect subtracted.
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Electrophysiological characterization

Action potential (AP) recordings were performed on single cardiomyocytes, 6-10 days after
cell dissociation with the amphotericin perforated patch-clamp technique using an Axo-
patch 200B amplifier (Molecular Devices Corporation, Sunnyvale, CA, USA). Signals were
filtered and digitized at 5 and 40 kHz, respectively. Data acquisition and analysis were
accomplished using pClamp10.1 (Axon Instruments) and custom software. Potentials were
corrected for the liquid junction potential. Cells were continuously perfused in a perfusion
chamber at 37 0C (Cell MicroControls Norfolk VA, U.S.A.) using Tyrode’s solution contain-
ing (mM): NaCl 140, KCl 5.4, CaCl2 1.8, MgCI2 1.0, glucose 5.5, HEPES 5; pH 7.4 (NaOH).
Pipettes (borosilicate glass; resistance ~2.5 MQ) were filled with solution containing (mM):
K-gluconate 125, KCI 20, NaCl 5, amphotericin-B 0.22, HEPES 10; pH 7.2 (KOH).

APs were recorded at spontaneous beating frequencies and characterized by duration at
50 and 90% repolarization (APD50, and APD90, respectively), maximal diastolic potential
(MDP), AP amplitude, maximal upstroke velocity and frequency. AP parameter values ob-
tained from 8-9 consecutive APs were averaged and data were collected from at least 2
independent differentiations per condition.

The SGK1-inhibitor GSK650394 [35] or vehicle-only control was applied at 6 uM 5 days
before AP measurement. AP measurements were blinded in acquisition and analysis.

Traction force measurements

The traction force measurements were performed as previously described [8]. Cells were
seeded onto the gelatine patterned acrylamide gels 4 days (see Supplemental information)
before measurement in their normal culture medium in an environment maintained at 37°C
with 5% CO2. Briefly, using a Leica AF-6000LX microscope, an image-series of aligned sin-
gle spontaneously contracting cardiomyocytes was taken at 40x magnification at 20 frames
per second, recording brightfield and fluorescent beads. Single frames from maximal relax-
ation and contraction of the brightfield and fluorescent beads image-series were analyzed
by the LIBTRC software package (kindly provided by Dr. Micah Dembo), creating a mask
of the cell outline from the brightfield image and a vector map from the difference between
the relaxed and contracted fluorescent beads images. The vector map and the cell mask
were used to calculate the total force that the cell applies on the substrate at its maximum
peak of contraction. The traction stress generated by the cardiomyocyte during contrac-
tion was calculated by dividing the total force by the cell surface area. Measurements were
blinded in acquisition and analysis.

Quantitative real-time PCR

RNA was isolated using a Minelute RNA extraction kit (Qiagen) and cDNA synthesized
using an iScript cDNA synthesis kit (BioRad). Real-time PCR was performed on a BioRad
CFX384 machine using IQ SYBR Green (BioRad). Gene expression values were normalized
to the mean expression of the housekeeping genes human ribosomal protein (RPLPO), glu-
curonidase (GUSB), and RNF7. Primer sequences can be found in Supplemental informa-

tion.
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Figure S1- GFP and TMRM measurements in hPSC-derived cardiomyocytes maintained in different conditions. Re-
lated to Figure 1. FACS measurement after cardiac differentiation of NKX2-5eGFP/w hESCs and maintenance for 5
days under control conditions or in the presence of 5% FCS. (a) Scatter plots and P1 gating of control and (b) 5% FCS
treated cells, (c) eGFP fluorescence of the P1 population of control and (d) FCS treated cells, (e) eGFP fluorescence
histogram showing an overlay of the two P1 populations. The median eGFP fluorescence value within the P2 gate is
shown above the histogram. (f) Relative TMRM and eGFP fluorescence values of M1 NKX2-5eGFP/w hESC-derived
cardiomyocytes and (g) NKX2-5eGFP/w hiPSC-derived cardiomyocytes after 5 days of treatment with vehicle-only
or TID medium. (h) Relative TMRM and eGFP fluorescence of cardiomyocytes after 5 days of treatment with T3+Dex
(TD) plus insulin or IGF-1. Data are mean+SEM, n=6 (f), n=8 (g), n=9 (h). The n signifies the number of wells (cell
populations) measured. Statistical significance was calculated using a one-way ANOVA with Dunnett’s correction, #

Hm eGFP
@ TMRM

@ = Control (P2 eGFP median = 150)

=== 5% FCS (P2 eGFP median = 209)

A

Counts

1

P2

10

1el 1e2 1e3

P<0.05 for eGFP fluorescence, * P<0.05 for TMRM fluorescence.

94

eGFP
h
161 mm eGFP
8 1.4 = TMRM
c
% 1.2- #
51.04 ga-F-- -E--
2
= 0.8
g
= 0.6
i/
& 041
ool T WO WD
&> &>
N N
.Q"o .Q"o
N N
& &
N N &
J S *
A A .\0

\/




FKBP5 KCNJ2

a . ecrP c . EE SCN5A D SCN1B . WE PGC-1a B PGC1B
2 15 26 2 30 2 25 23
@ @ @ @ @
@ @ @ ? @
2 ° o 220 2
g g g g g
x1.0 X4 X 20 5 s X2
< < < < <
z F Z P4 F
x [ 3 1.0 [
€ 0.5 £ 2 £ 10 € g1
o o o o o
2 2 - Sos g
2 0.0 3 0 s o s 0.0 s [
o 0. Q [ o 0. Q
[ 4 © 3 4
N o O N o o D N G e B N & @ B N
& T FE S I g & TS & T ESS & T E TS
B 8RN ¢ X N X Py RS PP KQ PR,
£ £ £ £ £
g 5 P g P
. EEMYHs [ MYHT ACTN2 - mLczv - MYBPC3 . SERCA2
9 8- 2 4 o 4 2 15 2 5
@ ] ] @ @
@ @ @ @ @
e 4 2 e 2a
S 6 53 53 s s
X X x % 1.0 Ky
o ) o o o 3
< < < <
z 4 z 2 Z 2 s b3
4 © x z 2
£ £ E £ 05 £
22 g1 o1 ® oy
2 2 > s s
s s 5 s 5
g0 g0 go g 00 g0
» < L e DN g o 2 O N g ot 2 D N b & D N G
& T ESE & TESS & T F S & TE S PO
X & < N POy 3 R, K R R P
K9 © & & RS
o oF o e o
b A A < < <
< 257 - ACTN2
S B NKX2-5
@ 20 eGFP
8 T
© 1.5
<
z T I
£ 1.04 T
@
2
7 0.59
Kl
©

R Y

o

o
e
SR\ A

Figure S2- Gene expression profiles in hESC-derived cardiomyocytes maintained in different conditions. Related
to Figure 1. (a) hESC-derived NKX2-5eGFP+ cardiomyocytes were isolated by FACS after 7 days of treatment with
the conditions shown. Gene expression is normalized to the housekeeping gene RPLPO and shown relative to the
vehicle-only treated control. (b) Gene expression in cardiomyocytes treated for 5 days with T3+IGF-1+Dex (TID) plus
vehicle, 1 uM norepinephrine (NE), 10 uM phenylephrine (PE) or 1 uM isoproterenol (ISO). Gene expression is nor-
malized to the housekeeping gene RPLP0 and shown relative to the TID+vehicle treated control. Data are mean+SEM
from three independent experiments in a, and mean+SD for 3 replicate wells in b.
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Figure S3- Modulation of reactive oxygen species levels in hESC-derived cardiomyocytes. Related to Figure 2. (a)
Dihydroethidium (DHE) fluorescence measurements reporting superoxide radical levels in eGFP+ cardiomyocytes
shown relative to a vehicle-only control after 5 days of maintenance with the factors shown. (b) Histograms of eGFP
and DHE fluorescence intensity in eGFP+ cells maintained with vehicle-only or T3+IGF-1+Dex (TID). Note that eGFP
is slightly increased while DHE is decreased by TID. Data are mean+SEM from three independent experiments. Sta-
tistical significance was calculated using a one-way ANOVA with Dunnett’s correction, # P<0.05 for eGFP fluores-
cence, * P<0.05 for DHE fluorescence.
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Figure S4- Structural imaging of hESC-derived cardiomyocytes and traction force analysis in an additional cell line.
Related to Figure 4. (a) Immunostaining of Troponin I and a-actinin in cardiomyocytes maintained in (a) vehicle-only
and (b) TID-medium, aligned on micropatterned PDMS gels. (c) Traction stress and (d) cell area of M1 hESC-derived
cardiomyocytes maintained in vehicle or TID medium (n=15 individual cell measurements for each condition). Box
and whisker plots show the median, interquartile range and 10-90 percentile range. Statistical significance was calcu-
lated with an unpaired t-test, * P<0.05.
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Figure S5- HCM cardiomyocyte frequency analysis and testing TID in a defined, albumin-free, basal medium. Re-
lated to Figure 5. (a) Contraction frequency of single spontaneously contracting iPSC-derived cardiomyocytes from
two control (Conl [n=47] and Con2 [n=36]) and three MYBPC3 mutation lines (HCM1 [n=44], HCM2 [n=54] and
HCMS3 [n=43]). Box and whisker plots show the median, interquartile range and 10-90 percentile range. (b) eGFP
and TMRM fluorescence values in eGFP+ cardiomyocytes relative to a vehicle-only control after 5 days of incuba-
tion with the concentrations of T3 shown (n=6). (c) eGFP and TMRM fluorescence values in eGFP+ cardiomyocytes
maintained in T3 (100 nM) +IGF-1 supplemented with a range of dexamethasone concentrations, measured relative
to the T3+IGF-1+vehicle control (T3+IGF-1). (d) Traction stress and (e) cell size of single spontaneously contracting
cardiomyocytes maintained in T3+IGF-1+Dex (n=45) and T3+IGF-1+Dex in defined medium (n=43). The n signifies
independent experimental replicates in b and ¢ and the number of individual cells in a, d and e acquired over three
independent experiments. Statistical significance was calculated with a one-way ANOVA with Tukey’s multiple com-
parison test in a, a one-way ANOVA with Dunnett’s correction in b and ¢, and an unpaired t-test in d and e. n.s. =not
significant, * P<0.05.
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Table S1. Clinical Data of HCM patients with 2373insG mutation in MYBPC3.
Related to Figure 5.

Interventricular

Patient Age Sex Septum in LVEDD, ~ LVESD,

% FS LVEF%

Diastole, mm mm mm
HCMI 44 m 13 54 329 39 56
HCM2 14 m 35 41 24 41 58
HCM3 42 m 24 55 ) 24 48
Healthy <13 36-56 2040 2543 5570
Range

LVEDD = left ventricular end diastolic diameter; LVESD = left ventricular end systolic diameter; % FS = fraction short-
ening (LVEDD-LVESD)/LVEDD*100%; LVEF% = left ventricular ejection

Supplemental Experimental Procedures

hPSC culture and differentiation

H3 NKX2-5eGFP/w hESCs or M1 NKX2-5eGFP/w hESCs as previously generated (Elliott et al., 2011), were main-
tained on mouse embryonic fibroblasts and passaged using TrypLE select (Life Technologies). The generation of
transgene-free hiPSCs from skin fibroblasts of one healthy male donor (LUMCO0004iCtr]l [Con1]) and three patients
each with a ¢.2373dupG mutation in MYBPC3 (LUMCO0033iMyBPC [HCM1], LUMC0034iMyBPC [HCM2] and LUM-
C0035iMyBPC [HCM3]) was previously reported (Dambrot et al., 2014). A second transgene-free control hiPSC line
(LUMCO0047iCtrl [Con2]) generated from another healthy male donor was included in this study. hiPSCs were main-
tained on Matrigel (growth factor reduced; Corning 354230) in mTeSR1 medium (Stem Cell Technologies) and pas-
saged with 1 mg/ml Dispase (Life Technologies).

Cardiac differentiation was induced from monolayer cultures on Matrigel in serum-free medium (BSA, polyvinyl
alcohol, essential lipids [BPEL]) as previously described (Ng et al., 2008). The formulation was as follows: 44% IMDM,
44% Ham’s F12, 5% protein-free hybridoma medium (PFHM-II), 0.25% BovoStar BSA (Bovogen, Australia), 0.125%
polyvinyl alcohol, 1x chemically defined lipids, 400 uM a-thioglycerol (Sigma-Aldrich), 50 ug/ml L-ascorbic acid
2-phosphate (AA-2P), 2mM Glutamax, 0.1x Insulin-transferrin-selenium-ethanolamine (ITS-X) and 0.5% Pen/Strep.
All BPEL components were obtained from Life Technologies unless otherwise stated. The following factors were
present for the first 3 days 20 ng/ml BMP4 (R&D), 20 ng/ml Activin A (Miltenyi Biotech) and 1.5 uM CHIR 99021
(Axon Medchem). 5 uM XAV 939 (Tocris Bioscience) was present on days 3-6. NKX2-5eGFP/w hiPSCs (RD, CLM
unpublished) were maintained in Essential 8 medium (Life Technologies) and differentiated as previously described
(van den Berg 2015).

Contracting cultures were dissociated on day 13 and replated on Matrigel-coated 24-well plates. The following ex-
perimental factors were added on day 16, refreshed on day 20 and measured on day 21: 100 ng/ml Long R3 IGF-1
(in the main text: IGF-1), 1 uM SAG (Millipore), 1 uM dexamethasone, 100 nM triiodothyronine hormone, 10 uM
phenylephrine, 1 uM isoproterenol, 1-1000 nM norepinephrine. The above factors were obtained from Sigma Aldrich
unless otherwise stated.

Patterned Polyacrylamide gel fabrication

Patterned polyacrylamide gels were prepared as previously described (Rape et al., 2011). Briefly, a 1% gelatin solution
was activated with 3.5 mg/mL Sodium Periodate (both Sigma-Aldrich). A polydimethylsiloxane (PDMS) stamp was
casted from a SU8 master produced by standard soft lithography techniques and incubated with the activated 1%
gelatin solution for 45 mins. The excess of gelatin was removed with a nitrogen gun and the stamp was used to picon-
tact-print a pattern of 20 um thick with 20 um spacing gelatin lines onto 10mm (electrophysiology) or 15 mm (contrac-
tion assay) coverslips. The polyacrylamide solution was prepared with a final concentration of 0.1% bis-acrylamide
(Bio-Rad), 5% acrylamide (Bio-Rad) and 10 mM HEPES pH 8.5 in distilled water, followed by centrifugation for 1 min
at 10.000 RPM for degassing. 0.006% (m/v) of ammonium persulfate (Sigma-Aldrich) and a 1:1000 dilution of 0.2-um
fluorescent beads (Ex/Em: 660/680nm - Molecular Probes) were added to the solution (for the contraction assay) and
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briefly vortexed. The gel polymerization was initiated with TEMED (Bio-Rad) and 4.08 /9.2 ul of the final solution
was added to a 15 mm/25 mm coverslip treated with plus Bind-Silane solution (GE Healthcare). The pcontact-printed
coverslip was applied on top of the drop with the gelatin lines facing the gel. After 20mins of polymerization the 10
mm/15 mm coverslip was removed. Each 25mm coverslip was mounted onto a well of a glassbottom 6-well plate
(Mattek), replacing the initial glass. The 15mm coverslips were used directly. Plates were UV-sterilized and re-hy-
drated with culture medium for 30 mins before use. The polymerized gel has a Young’s modulus of 5.8 kPa (Frey et
al., 2007).

Flow cytometry measurements for plasma membrane potential and reactive oxygen species

For relative plasma membrane potential measurement, differentiated cultures were dissociated on day 21 (after treat-
ment as above from day 16) using 5x TrypLE Select and resuspended in 2.5 nM TMRM (Life Technologies) in warm
assay medium. Cells were incubated for 8 minutes at 37°C before being measured by flow cytometry. eGFP and
TMRM fluorescence intensities were recorded. For superoxide detection, dissociated cells were labelled with 5 uM
DHE for 30 mins at 37°C and then measured by flow cytometry. Samples were measured with a MACSQuant VYB
(Miltenyi Biotech) equipped with a blue (488nm) and yellow (561nm) laser. eGFP and DHE fluorescence intensities
were recorded. Appropriate compensation to correct from cross-bleed was performed for each.

Respiration and acidification rates measured with the Seahorse XF-24 Analyzer

Respiration and acidification rates were measured on adherent cells using a Seahorse XF-24 or an XF-96 Analyzer
(Seahorse Bioscience). The assay plates were coated with Matrigel (1:100). Cells were seeded in BPEL medium at
a density of 6.5x104 (XF-24) or 2.5x104 (XF-96) cells/well 7 days before measurement. The assay was performed in
bicarbonate-free DMEM (D5030; Sigma Aldrich), containing 0.25% fatty acid-free BovoStar (Bovogen, Australia), 1
mM sodium lactate, 0.15 mM sodium hydroxybutyrate, 2 mM GlutaMAX (Life Technologies) and 0.5 mM L-carnitine.
The standard glucose concentration was 15 mM glucose and was supplemented with 0.5 mM sodium pyruvate. Cells
were washed twice and pre-incubated in the assay medium for 1 h before measurement. For the standard profiling
oligomycin was used at 0.5 pg/ml, FCCP titrated in 2 injections to 3 uM and rotenone and antimycin A were added
at 1 uM and 2 puM respectively. A standard protein assay was used to normalize values to whole cell protein. Acid
titration experiments were performed to calculate the buffering capacity of the Seahorse assay media and gave a val-
ue of 0.1 pmoles H+/mpH in the 7 ul measuring volume. ECAR values were converted to anaerobic glycolyis/lactate
production rates as previously described (Mookerjee et al., 2015), using a max H+/O2 value of 1.0 and converted 1:1
to an ATP production rate. The oligomycin-sensitive oxygen consumption was converted to an ATP production rate
using a P/O ratio of 2.3 (Brand, 2005). To assess ATP demand for excitation and contractility nifedipine (10 uM) and
blebbistatin (5 pg/ml) were co-injected and the respiration rate immediately recorded, followed by measurements
after oligomycin and then rotenone and antimycin A injection. A vehicle-only injection was performed in parallel and
the effect subtracted. Experiments analysing the effect of etomoxir and UK5099 were performed on the XF-96 format
using an assay medium with the following modifications: the glucose concentration was 5.5 mM, sodium pyruvate
0.15 mM and palmitic acid was included at 100 uM conjugated to fatty acid-free BovoStar BSA in a 2.8:1 molar ratio.
To prepare this a 4 mM palmitic acid solution was made in assay medium by heating at 65°C for 30 mins, then com-
bined 1:1 with a 10% Bovostar BSA solution and heated at 37°C for 30 mins with mixing. 10 mM HEPES was also
included in this assay medium to provide extra buffering (glycolytic rates were not calculated). Cells were washed
twice and pre-incubated in this assay medium for 4 h before measurement. To assess the response to substrate uptake
inhibitors, 40 uM etomoxir or 5 uM UK5099 were injected and respiration rates recorded after 45 mins, followed by
injections of oligomycin, FCCP (3 uM) and then rotenone and antimycin A. A vehicle-only injection was performed
in parallel and the effect subtracted.

Electrophysiological characterization

Action potential (AP) recordings were performed on single cardiomyocytes, 14-16 days after cell dissociation with the
amphotericin perforated patch-clamp technique using an Axopatch 200B amplifier (Molecular Devices Corporation,
Sunnyvale, CA, USA). Signals were filtered and digitized at 5 and 40 kHz, respectively. Data acquisition and analysis
were accomplished using pClamp10.1 (Axon Instruments) and custom software. Potentials were corrected for the
liquid junction potential. Cells were continuously perfused in a perfusion chamber at 37 0C (Cell MicroControls
Norfolk VA, U.S.A.) using Tyrode’s solution containing (mM): NaCl 140, KC1 5.4, CaCl2 1.8, MgCI2 1.0, glucose 5.5,
HEPES 5; pH 7.4 (NaOH). Pipettes (borosilicate glass; resistance ~2.5 MQ) were filled with solution containing (mM):
K-gluconate 125, KCI 20, NaCl 5, amphotericin-B 0.22, HEPES 10; pH 7.2 (KOH).

APs were recorded at spontaneous frequencies and characterized by duration at 50 and 90% repolarization (APD50,
and APD90, respectively), maximal diastolic potential (MDP), AP amplitude, maximal upstroke velocity and frequen-
cy. AP parameter values obtained from 8-9 consecutive APs were averaged and data were collected from at least 2
independent differentiations per condition.

99




Traction force measurements

The traction force measurements were performed as previously described (Hazeltine et al., 2012). Cells were seeded
on gelatine patterned acrylamide gels 4 days before and measured in their normal culture medium in an environment
maintained at 37°C with 5% CO2. Briefly, using a Leica AF-6000LX microscope, an image-series of aligned single
spontaneously contracting cardiomyocytes was taken at 40x magnification at 20 frames per second, recording bright-
field and fluorescent beads. Single frames from maximal relaxation and contraction of the brightfield and fluorescent
beads image-series were analyzed by the LIBTRC software package (kindly provided by Dr. Micah Dembo), creating
a mask of the cell outline from the brightfield image and a vector map from the difference between the relaxed and
contracted fluorescent beads images. The vector map and the cell mask were used to calculate the maximum total
force that the cell applies on the substrate at its peak of contraction. The traction stress generated by the cardiomyo-
cyte during contraction was calculated by dividing the total force by the cell surface area. Measurements were blinded
in acquisition and analysis.

Quantitative real-time PCR

RNA was isolated using a Minelute RNA extraction kit (Qiagen) and cDNA synthesized using an iScript cDNA
synthesis kit (BioRad). Real-time PCR was performed on a BioRad CFX384 machine using IQ SYBR Green (BioRad).
Gene expression values were normalized to the mean expression of the housekeeping genes human ribosomal protein
(RPLPO), glucuronidase (GUSB), and RNF7. Primer sequences were as follows:

Gene Forward primer Reverse primer
RPLPO CACCATTGAAATCCTGAGTGATGT | TGACCAGCCCAAAGGAGAAG
GUSB CCACCTAGAATCTGCTGGCTAC GTGCCCGTAGTCGTGATACCAA
RNF7 ACGCACCGAATAGTTACGG CCAGGTCCACGGGCAGA
eGFP GTGAGCAAGGGCGAGGAG CCGTAGGTCAGGGTGGTC
FKBP5 TTCTCCTTGCTGCCTTTCTG ACCCTTGGCTGACTCAAACTC
SCN54 GAGCTCTGTCACGATTTGAGG GAAGATGAGGCAGACGAGGA
SCNIB GTGGTTGTAGGTGACATTGGTG GAAGGGCACTGAGGAGTTTGT
KCNJ2 ACCGCTACAGCATCGTCTCT TCCACACACGTGGTGAAGAT
PGC-la AACACTTACAAGCCAAACCA GGGTTCAATAGTCTTGTTCTC
PGC-1p8 TCCTCAACTATCTCGCTGAC CTCACTGTCAATCTGGAAGAG
MYH6 CTTCTCCACCTTAGCCCTGG GCTGGCCCTTCAACTACAGA
MYH7 CGACCTTCTTCTCTTGCTC GAGGACAAGGTCAACACCCT
ACNT2 CTGCTGCTTTGGTGTCAGAG TTCCTATGGGGTCATCCTTG
MYL2/MLC2V TACGTTCGGGAAATGCTGAC TTCTCCGTGGGTGATGATG
MYBPC3 GGCATGCTAAAGAGGCTCAA TCTTGTGGCCTTTGCTCAC
SERCA2 ACCCACATTCGAGTTGGAAG CCAACGAAGGTCAGATTGGT

Western blotting

The samples were lysed with ice cold ELB (50mM HEPES pH 7.0; 250mM NaCl; 5mM EDTA; 0.1% NP-40) with 1:100
Protease Inhibitor Cocktail (Sigma-Aldrich) for 30 mins on ice. The samples were centrifuged at 7,000g for 10 mins
and the supernatant was quantified for protein content using the Bio-Rad Protein Assay (based on the Bradford
dye-binding method). 100ug of the hiPSC-CM lysates were run in a 6% polyacrylamide gel and 30ug of the hESC-
CM with the shRNA lysates were run in a 10% polyacrylamide gel together with the protein ladder (Precision Plus
Protein dual colour — Bio-Rad). The protein was transferred to an Amersham Hybond membrane (GE Heathcare- Life
Sciences) overnight. The membrane was blocked with blocking buffer (2% milk in PBS) and each protein was detected
with the specific antibody: Rabbit IgG anti- cMyBP-C (1:2000) kindly provided by Dr. Sakthivel Sadayappan from
the Department of Cell and Molecular Physiology, Health Sciences Division, Loyola University Chicago, followed
by Horse anti-Rabbit IgG — HRP (1:2000) (Cell Signaling). Mouse IgG anti-Actin (1:1000) (MAB1501 — Millipore) and
Mouse IgG anti-a-actinin (A7811-Sigma-Aldrich), followed by Goat anti-mouse IgG-HRP (1:2000) (Cell Signaling).
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Abstract

Sarcomeric organization is crucial for function of cardiomyocytes and is used as a hallmark
of maturation and cardiac diseases such as hypertrophic cardiomyopathies. One approach
to determine sarcomeric organization is through visualization by immunofluorescent stain-
ing. This requires cell fixation and does therefore not allow assessment of sarcomere dy-
namics. Another approach is visualization in live cardiomyocytes by phase contrast imag-
ing, which is only suitable for high degrees of sarcomeric organization, and therefore not
suitable for immature cardiomycoytes such as those from human pluripotent stem cells
(hPSC-CM). In order to visualize sarcomerogenesis and sarcomere dynamics in living cells,
we generated a fusion protein, consisting of the sarcomeric a-actinin and a red fluorescent
protein, mCherry. When overexpressed in hPSC-CM, the a-actinin-mCherry was incorpo-
rated into the sarcomeres, enabling the assessment and analysis of sarcomere movement
during contraction. This new tool is potentially very useful for studies related to cardiomy-
ocyte differentiation, maturation and cardiac disease modeling.

104



Introduction

The sarcomere is the smallest contractile unit of striated muscle. The concatenation of sar-
comere units forms myofibers, which are the constituents of skeletal and cardiac muscle.
Sarcomerogenesis occurs during early embryonic muscle development and following post-
natal maturation controls sarcomeric organization[1], as shown in chapter 3 in relation to
cardiomyocyte function. Besides during development from fetal to adult, sarcomeric or-
ganization also changes in cardiac disease, such as in hypertrophic cardiomyopathy|[2]
(either sarcomeric hypertrophy or disorganization). Myogenesis can thus be considered
a hallmark of hPSC derived cardiomyocyte maturation[3] and hypertrophic cardiomyo-
pathy. The sarcomeres are composed of different sets of proteins with a high degree of
organization. The Z-disks mark the borders of the sarcomeric units, of which a-actinin is
a major component. Alpha-actinin is a 104kDa protein member of the spectrin superfam-
ily and consists of an N-terminal actin-binding domain, multiple spectrin repeats and a
C-terminal calmodulin (CaM)-like domain[4]. This protein is functional as an anti-parallel
homodimer that crosslinks actin filaments of adjacent sarcomere units forming a lattice-like
structure that stabilizes the muscle contractile machinary[5]. This structure is evident by
immunofluorescence microscopy as anti-parallel bands along the cell, providing cardiomy-
ocytes with their characteristic striated appearance. Nevertheless, these immunofluorescent
images only allow analysis of cardiomyocytes under static conditions. Therefore, we genet-
ically engineered a-actinin fused with a fluorescent protein to be able to assess sarcomere
structure and length in living cardiomyocytes, thus creating a useful tool to study sarcom-
ere dynamics during maturation and disease. This fusion approach has been employed in
studies of whole-cell stiffness in human osteoblasts[6].

To combine the sarcomeric reporter with the cardiac hESC-NKX2-5-eGFP reporter line, we
fused alpha-actinin with mCherry that has an excitation/emission spectrum (587/610nm)
distinct from GFP and has high photo stability[7]. The expression of fusion proteins is gen-
erally driven by constitutive promoters, from which the cytomegalovirus immediate-early
promoter (CMV), mouse phosphoglycerate kinase 1 promoter (PGK) and human elongation
factor 1a promoter (EF1A) are among the most commonly used. Despite their ubiquitous
expression, activity of these promoters differs depending on the cell type in which they are
expressed[8]. Furthermore, although these constitutively active promoters can be used for
multiple purposes, they do not allow protein expression in time-controlled manner. In 1992
the tetracycline-controlled transcriptional activation (tetO) was described which induced
coupled gene expression in the presence of tetracycline or its derivative[9,10]. This technol-
ogy enables the production of clonally stable hESC lines carrying the a-actinin-mCherry in
a repressed state, which can later be induced in differentiated cardiomyocytes.

Materials and methods

RNA isolation and cDNA synthesis

RNA was isolated from hESC derived cardiomyocytes using TRIzol Reagent (Invitrogen)
and cleaned up with DNA free kit (Ambion). iScript kit (BioRad) was used to make cDNA.
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a-Actinin and mCherry amplification

Primers were designed to amplify hACTN2 from cDNA template isolated from hESC-CM
using PCR. The PCR reaction mix was prepared using Phusion Taq following manufac-
turer’s guidelines (ThermoScientific) (Table S1). The PCR cycle was performed as shown
in Table S2, where the annealing time was changed depending on the length of the DNA
sequence being amplified. The samples were cleaned using the PCR cleaning kit (Qiagen).
Afterwards, the samples were digested with the appropriate enzymes in conditions provid-
ed by manufacturer (O/N, usually 37°C; Table S3), and separated on agarose gel. The right
band was excised from the gel (QIAquick Gel Extraction Kit, QTAGEN).

Ligation

The vector was digested with the specific enzymes (Table S3) and then cleaned with the
PCR cleaning kit (Qiagen). If second digestion was needed it was conducted after cleaning.
The open vector was excised from agarose gel, and isolated using QIAquick Gel Extraction
Kit (Qiagen). Vector and insert were ligated in the following Equation 1 with the molecular
ratios (insert:vector): 3:1, 1:1 in standard protocol. In some cases more than two fragments
were assembled, what is referred as multi-ligation. This method was conducted as all-in-
one reaction using similar molecular ratio (insertl:insert2:vector=3:3:1, 1:1:1). The ligation
was kept at 14°C, O/N.

([ng of vector] x [size of insert in kb])/([size of vector in kb])=(3 or 1x insert)/(1x vector)
Equation 1

Transformation

Ligation mix used to transform Escherichia coli One Shot® TOP10 chemically competent
cells for each transformation. 1-5 ul of DNA (10pg-100ng) was added to a vial of One Shot®
cells, mixed gently and incubated on ice for 30 minutes. The samples were heated to 42°C
for 30 seconds without shaking followed by 2mins on ice. 250 ul of pre-warmed S.O.C me-
dium was added to the vial without antibiotics and incubated for 1 hour at 37°C shaking.
The transformed bacteria were spread on Luria-Bertani (LB) + selection antibiotic (ampicilin
- Amp or carbanicilin - Carb) plates and incubated O/N, 37°C. Colonies (usually 24) were
picked up and cultured in 3.0ml LB + Amp/Carb (O/N, 37°C, 225rpm). DNA was isolated
(PureLink Quick Plasmid Miniprep, Invitrogen) and evaluated by restriction analysis (Ap-
pendix III).. Clones were sequenced following Sanger method (Appendix X, XI). Correct
clones were further expanded in larger volumes. DNA was isolated using the NucleBond
Xtra Midi Kit (Macherey-Nagel).

Transfection

pcDNA3.1-hACTN2-mCherry was transfected into hESC-derived cardiomyocytes and hu-
man embryonic kidney (HEK) using transfection agents — FuGENE and GJ reagents (Ap-
pendix VIII). The control wells contained a pcDNA3.1-mCherry construct (purified or, pu-
rified and gel extracted). The amount of DNA was 1, 2, and 3ug. Cells were observed for
48hrs under the fluorescent microscope.
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Immunocytochemistry

The cells were fixed with 4% paraformaldehyde for 20 mins and washed three times with
PBS. Cells were permeabilized with 0.1% Triton for 8mins and blocked with 4% swine se-
rum for 1h at room temperature (RT). For identification of sarcomeres the samples were
incubated with the primary antibody Rabbit anti Troponin I (Santa Cruz sc-15368) diluted
1:500 for 1h at RT. The samples were washed three times 10 mins with PBS with 0.05%
tween20 and incubated with the secondary antibodies donkey anti rabbit IgG A488 (Invit-
rogen A-21206) both diluted 1:200 for 1h at RT.

Lentivirus production

On day 1 HEK 293T cells were plated on 10cm dishes at density of 6 million per dish in
DMEM (Gibco) plus 10% FBS (Invitrogen) plus antibiotics. Cells were cultured at 10% CO2
at 37 C overnight. On day 2 the cells were transfected in OptiMEM (Gibco) with the Lentivi-
ral vector and the packaging constructs VSV-G, RRE and REV (added to a total of 40ug per
dish) together with 50ul of Lipofectamine 2000. The medium was changed on day 3 with
DMEM plus 10% FBS plus penicilline and streptavidin. On day 5 the medium was collect-
ed, combined and centrifuge at 1000 x g for 15 mins at 4°C. The supernatant was filtered
through a 0.45 um filter into sterile polyallomer centrifuge tube (Beckman Coulter). The
tubes were inserted into a SW28 rotor (cat. #326823) and centrifuge at 20 000 RPM for 120
mins at 4°C. After centrifugation the supernatant was aspirated and the pellet resuspend in
PBS. The final solution was aliquoted and stored at -80°C.

Mammalian expression vectors

pcDNA3.1 is a commercially available cloning/expression vector (Invitrogen). It was de-
veloped from pcDNAS3 to permit high level of stable expression of recombinant protein in
mammalian hosts using a CMV promoter. Despite of its small size (5.4kb), the vector has se-
quences of two selection markers: bacterial ampicillin and mammalian neomycin. Features
of this vector are described Figure S1 (Invitrogen).

PENTRI1A is a Gateway® entry vector from Life Technologies (Figure S2). This vector con-
tains multiple restriction sites flanking a ccdB gene (control of cell death), allowing multiple
cloning possibilities and selection for positive clones. The multiple cloning sites are flanked
by the attL1 and attL2 sites, which are used for site-specific recombination with a Gateway®
destination vector, ensuring a fast and simple cloning step of the gene of interest in the cor-
rect orientation for expression.

pLenti CMVTRE3G Neo is a 3rd generation lentiviral vector containing a minimal CMV
promoter preceded by TRE (Tetracycline Response Element), which is activated by tTA
(Tetracycline-controlled activator) protein in presence of doxycycline. This promoter re-
quires a co-expression of a vector encoding for the tTA protein. The attR1 and attR?2 sites are
present in front of the promoter for easy cloning by recombination with the entry vectors
(see above). In addition a neomycin selection cassette for positive selection is included.

pLenti CMV rtTA3 Blast is a 3rd generation lentiviral vector expressing the reverse tetra-
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cycline-controlled transactivator 3 (rtTA3) driven by a CMV promoter. This vector has a
blasticidin selection cassette.

pLenti CMV Puro DEST is a 3rd generation lentiviral expression vector driven by a CMV
promoter. The attR1 and attR2 sites are present in front of the promoter for easy cloning by
recombination with the entry vectors. This vector has a puromycin selection cassette.

pLV-H1TetO-RFP-Puro (Biosettia) is a 3rd generation lentiviral vector for inducible expres-
sion of shRNA. The vector contains an EF1la promoter driving the expression of tTA protein
followed by and IRES (Internal ribosome entry site) inducing the translation of a RFP fused
to a puromycin. The shRNA expression is induced via a H1 promoter that can only be active
in presence of doxycycline (TetON).

Human embryonic stem cell culture and differentiation

The human embryonic stem cell (hESC) line HES3-NKX2-5-eGFP was used for cardiac dif-
ferentiation. This cardiac reporter line allows visualization and sorting of hESC-derived
cardiomyocytes on the basis of GFP expression[11]. The cell line was maintained on irradi-
ated mouse embryonic fibroblasts (MEFs). Differentiation was performed by two different
methods. Monolayer differentiation was performed in a Matrigel coated plastic 6-well for-
mat where 300.000 hESC were seeded at day 0 in a BSA polyvinylalcohol essential lipids
medium (BPEL)[12] together with 20ng/ml BMP4 (R&D), 20ng/ml Activin A (Miltenyi),
1.5uM chir99021 (Axon Medchem). The medium was refreshed after 3 days with BPEL
supplemented with 5uM XAV-939. Alternatively, cardiomyocytes were generated using
a “spin embryoid body (spin-EB)” method of differentiation[11]. Briefly, spin-EBs were
formed by centrifugation of 30.000 hESCs in a 96-well format (Greiner) with BSA polyvi-
nylalcohol essential lipids medium (BPEL) together with 35ng/ml BMP4 (R&D), 30ng/ml
Activin A (Miltenyi), 30ng/ml VEGF (Miltenyi), 40ng/ml SCF (Miltenyi), 1.5uM chir99021
(Axon Medchem). The medium was refreshed on day 3. GFP positive spin-EBs started beat-
ing between day 7 and 10 of differentiation. Dissociation of both monolayers and spin EB
derived cardiomyocytes was performed at day 20 with 1x TryplE select for 10 mins at 37C.

Single cell sorting

Four hours before start the sort Rock inhibitor (Fasudil, 5mM) was added, 1:1000 = 5uM.
Undifferentiated hESCs were dissociated into single cells using TryplE (Gibco), resuspend-
ed in FACS buffer and passed through a cell strainer. The cells were pelleted and resus-
pended in FACS buffer, 2% FCS (Gibco), 1% normal goat serum and either primary SSEA4
(s¢59368) antibody or isotype control. After 30mins on ice cells were washed 1x with FACS
buffer containing 2% FCS and resuspended in FACS buffer, 2% FCS plus normal goat serum
1% and secondary goat anti-mouse IgG1 (H+L)-APC. After 30mins on ice, cells were washed
and resuspended in FACS buffer plus 2% FCS and PI (1:1000). The cells were sorted to sin-
gle well in a 96 well plate containing 9000 MEF/well plus Rock inhibitor 1:1000.

Analysis of sarcomere dynamics

Image series of transduced cardiomyocytes were recorded with a Leica AF 6000 image
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workstation (Leica Microsystems GmbH Wetzlar, Germany). A 40x dry objective with an
internal 1.6x magnification extra was used to record images of 500x500 pixels during at
least 6 contractions with a time resolution of 17 milliseconds. After export to uncompressed
TIF format, Image stacks were constructed with the program of Image]J or Fiji (National
Institute of Health NIH U.S.A). The intrinsic function Z-profile of the program was used
to construct a line-profile exactly perpendicular to the sarcomeres over the length of one
cardiomyocyte. A plugin for Image] was written to export the profiles to a time-Z data set.
A second program was developed for the interactive analysis using LabVIEW (National In-
struments Corporation Austin, U.S.A.) - Power Spectral Analysis. A power spectral analysis
per frame (Z-profile) was computed using a Hanning window output. Visual inspection of
the power spectra always revealed a single peak and its successive second harmonics. The
individual power spectral profiles were then fitted according a Gaussian function using
the Levenberg—-Marquardt algorithm with a ten times increased time resolution. The center
frequency of this fitting (first peak in the spectrum) was used to compute the actual spacing
(1/frequency) between the sarcomeres. Finally a graph was made of all computed points
against time. From this graph speed of contraction, the speed of relaxation, the contraction
duration and the repetition frequency was extracted. Requests for the Image] plugin and
the Power Spectral.

Results

We have followed several strategies for introducing a-actinin-mCherry in human stem
cell-derived cardiomyocytes for live imaging of sarcomeres during differentiation, assem-
bly of sarcomeres and contractility. As a first step we cloned a-actinin into a mammalian ex-
pression vector pcDNA3.1 driven by the CMV promoter (Figure S1). The coding sequence
of mCherry was has been previously incorporated into this vector. Human a-actinin was
amplified by PCR from cDNA generated from hESC derived cardiomyocytes in a PCR re-
action using primers FWamp1 + RVampl1 (Figure 1A, Table S4), followed by digestion with
Kpnl and subsequent ligation at the N-terminal side of mcherry. Positive clones (3 out of
24) were verified by sequence analysis (Figure 1B and C). In order to test whether a-ac-
tinin-mCherry was expressed and correctly incorporated in sarcomeres, we transfected the
expression construct into HEK293T cells and hESC derived cardiomyocytes (hESC-CM),
respectively. Although a-actinin-mCherry was clearly expressed in HEK 293T cells, expres-
sion was not observed in hESC-CM (Figure 1D and E). Lack of a-actinin-mCherry expres-
sion in hESC-CM could be due to multiple reasons, nonetheless, since it is expressed in the
HEK 293T cells we assumed that the main issue was related to the lack of efficiency of the
transfection procedure in cardiomyocytes.

In a next step we generated lentiviral vectors incorporating a-actinin-mCherry under con-
trol of the CMV promoter in order to obtain a higher transduction efficiency in hESC-CMs.
For this, a-actinin and mCherry coding sequences were subcloned into a pPENTR1A vector
(Figure S2), which enables efficient recombination in the destination vector of choice us-
ing Gateway® technology. Alpha-actinin and mCherry were amplified using the FWamp2
and RVampl and FWamp3 and RVamp?2 primer pair, respectively (Figure 2A and Table
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Figure 1- Cloning a-actinin-mCherry into pcDNA3.1. A. Band of the amplified a-actinin (2.7kb).
B. Clone check after ligation with Kpnl digestion with predicted bands at 2.7 and 5.4kb. C. Confir-
mation of correct clones with Sall digestion with predicted bands at 2.2 and 6.2kb. D. Expression of
a-actinin-mCherry in HEK 293T cells in red (bar-50pm). E. Troponin I immunostaining in hESC-CM
(green), nuclei (blue) with no expression of a-actinin-mCherry (red) (bar-10um).

S4). PCR products were extracted from agarose gel and digested with either Sall and Kpnl
(a-actinin) or Kpnl and Xhol (mCherry). The pENTR1A was digested with Sall and Xhol
and ligated to both inserts in one reaction. Correct insertions (5 out of 6 clones, Figure 2B
and C) were verified by sequence analysis and recombined into the pLenti CMVTRE3G
Neo destination vector (Figure S3) using the LR Gateway® reaction. This vector allows
inducible expression of a-actinin-mCherry in the presence of doxycycline (TetON system),
avoiding a possible interference of this fusion protein during the process of cardiomyocyte
differentiation. All clones recombined correctly (Figure 2D). Once clone was selected for
further expansion and virus production.

Additionally, virus was produced for the pLenti CMV rtTA3 Blast expression vector. hESC-
CM were transduced with both viruses in a glass bottom plate and doxycycline was added
48h post transduction. The expression and sarcomeric localization of a-actinin-mCherry
was clearly visible by fluorescence microscopy. The movement of sarcomeres from con-
tracting cardiomyocytes was recorded, demonstrating the feasibility to use this fusion pro-
tein for functional analysis of cardiomyocytes (Figure 2E). In order to generate a stable
hESC line with the inducible a-actinin-mCherry expression both pLenti CMVTRE3G a-ac-
tinin-mCherry and pLenti CMV rtTA3 vectors (Figure S3 and S4) were transduced into the
HES3-NKX2-5-eGFP line and cultured for a week in the presence of antibiotics (Blasticidin
and G418), followed by treatment with doxycycline (Dox). After 72h of Dox treatment only
about #20% of the cells were expressing a-actinin-mCherry (Figure 2F), indicating silenc-
ing of the promoters. After differentiation to cardiomyocytes no overlap between GFP and
mCherry expression was observed, indicating further silencing of expression in cardiomy-
ocytes. In order to select for clonally derived cell lines displaying inducible mCherry ex-
pression, we performed FACS sorting based on mCherry and SSEA4 (pluripotency marker)
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expression and seeded single cells in a 96 well plate (containing mouse feeders). Clonal
expansion was successful in 51% (46 out of 90) of the wells, from which the cells were trans-
ferred by cut and paste both to a new well of feeders for expansion and to a matrigel-coated
plate for cardiac differentiation. At day 10 of differentiation Dox was added to all wells and
after 72h only 36% (18 out of 50) of the wells displayed mCherry positive cells. These pos-
itive wells displayed approximately 10% to 50% of mCherry positive cells. Unfortunately,
we did not observe overlap between GFP and mCherry expression in the same cell (data
not shown), suggesting silencing of a-actinin-mCherry expression, in particular in cardio-
myocytes. Therefore, we decided to perform transient lentiviral-transduced expression of
hESC-CMs in future experiments.

A B C D

1kb+ 1kb+t 1kb+t 1kb+ 1kb+ 1kb+ 1kb+ 1kb+
- [ .

Figure 2. Expression of a-actinin-mCherry in pLenti CMVTRE3G. A.
Bands of the amplified a-actinin (1-4 at 2.7kb) and mCherry (5 and 6
at 0.7kb). B. pENTR1A a-actinin-mCherry clones digested with Sall
and Xhol displaying the predicted bands at 2.3 and 4.4kb. C. Confir-
mation of correct clones with BamHI digestion with predicted bands
at 0.55, 0.9 and 5.1kb. D. pLenti CMVTRE3G a-actinin-mCherry
clones after Gateway recombinase reaction digested with Xhol (top)
= and Kpnl (bottom) displaying the predicted bands at 4.0 + 7.4kb and

8.6 +2.7kb, respecively. E. Expression of a-actinin-mCherry in beating cardiomyocytes displayed as
different frames of one contraction (bar-10um). F. Merge between brightfield and fluorescent images
of hESC expressing of a-actinin-mCherry after antibiotic selection (bar-50um).

For this approach we generated a pLenti CMV a-actinin-mCherry viral vector following
LR Gateway® recombination of pENTR1-a-actinin-mCherry and pLenti CMV Neo vectors
(Figure S5 and 3A). HESC-CMs were transduced at day 15 of differentiation. Transduced
cardiomyocytes were cultured in defined maturation medium during 7 days for pheno-
typical improvement (see Chapter 4), followed by dissociation and seeding on 1% gelatine
20x20 lines printed on a polyacrylamide gel. After four days beating single cardiomyocytes
were imaged at 37°C - 5%CO2 at a speed of 56 frames per second, represented in selected
frames in Figure 8B. In order to analyse the sarcomere movement during contraction, the
frame sequence was loaded into the software Image | as a stack and a pixel intensity pro-
file was made across the sarcomere length for each frame (Figure 3C). Subsequently the
pixel intensity plot of every frame was uploaded into the Power Spectral Analysis software
(Figure 8D left panel) and the most frequent distance between peaks was calculated using
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a power spectrum analysis (Hanning) fitted with a Gaussian distribution (Figure 3D right
panel) (see materials and methods). The distance corresponding to the peak of the power
spectrum of each frame was plotted in function of time (Figure 3E). This data format en-
ables the assessment of the sarcomere spacing in its relaxed (y0- 1.79um) and contracted
(y1- 1.51um) form, the distance covered by the sarcomeres during contraction (shortening
amplitude) (Ay- 0.27um) and relaxation (elongation amplitude) (Ay2- 0.27um) as well as
the time taken by the sarcomeres during both actions (At- 0.11s and At2- 0.27s, respectively),
which allow us to analyse kinetics of sarcomere movement during contraction and relaxa-
tion with a shortening speed of - 2.45um/s and a elongation speed of - 1.01um/s (Figure 3E).

Discussion

Here we generated an a-actinin-mCherry fusion protein following various cloning strate-
gies and demonstrated proof of concept for its use as a tool to accurately identify the dy-
namic changes of Z-disks in live hPSC-CM. We further developed power spectral analysis
software to calculate the length of each sarcomere during contraction, which we used to
assess the kinetics of sarcomere movement during contraction.

Currently sarcomere length measurements are mostly based on observations made on fixed
cells, which obviously interferes with assessment of dynamic changes of the sarcomeres.
Other approaches such as laser diffraction techniques[13] or the use of 2-photon micro-
scopes[14] have been applied to measure dynamics of sarcomere length in single cells or
live tissue. Nevertheless, these techniques are rooted on the extremely well defined perio-
dicity of the sarcomeres as they are based on a constant light diffraction pattern or on the
presence of T-tubules, both traits of fully matured cardiomyocytes, which are currently
non-existent or at least difficult to achieve in hPSC-CM. On the other hand, our approach of
genetic labelling sarcomeres with a fluorescent reporter not only allows the assessment of
sarcomeres kinetics but also of sarcomerogenesis during hPSC-CM maturation or disease
modelling. With this approach we intended to develop a stable hESC line with temporal
control of the a-actinin-mCherry expression by the use of a doxycycline inducible CMV
promoter (TetON). Although the expression of the a-actinin-mCherry was present initially
in undifferentiated hESC, its level decreased over time during cardiomyocyte differentia-
tion due to an event of vector transcriptional silencing as previously reported in these cell
types[8]. Most interestingly, even after clonal selection of undifferentiated hESC expressing
a-actinin-mCherry, upon cardiac differentiation mCherry expression could no longer be
detected in a large percentage of the cell population. This observation has been previous-
ly reported in another study[8] and can be explained by chromatin remodelling-induced
silencing occurring during differentiation[15]. An alternative strategy to generate a stable
reporter line is to genetically modify, for example by CRISPR/Cas9 system[16], the genomic
locus of a-actinin by inserting a fluorescent reporter in frame in order to create a fluores-
cent sarcomeric fusion protein, which is regulated by endogenous genomic regulatory ele-
ments. This avoids not only transcriptional silencing of exogenous inserted DNA, but also
non-specific over-expression of a-actinin in both cardiomyocytes and non-cardiomyocytes.

To circumvent the silencing problems that we encountered with generating stable cell lines,

112



3 s mge)
Fie Edi image Process Anayze Piugns Window
oola|ofZ 4|48 Ala @2 @0

(Fil 1 Just)Imagedimage) 1.47n; Java 1.60_24 6451

—eT =
sl e o
T
W
AGATA \/ an
VUV A
in
Relaxed VA /)
UV |
)
D : :
=~
B3 g
= =
|
Losirie |
Contracted
pakpes fame [ naiipec ] == e s
i n 2 &fronning
o
P S Simages #Pois
el Coml o R - s
(ol
(==
Contracion Relaation
0 2 s
18 191 2,59 J286
Atls) a2 (s)
om i
B 179 J152
§ i) 20m
& 027 0,27
Spesiet Specdof
Contacionumpsec 1| | Relatonumsec ()
2 ot e
v
i
a0 Time(s)
gooie 2ol (i Coror! etV [ Zoom x wis] *f: (el

Relaxed

Figure 3- Sarcomere analysis. A. pLenti CMV a-actinin-mCherry clones after Gateway recombinase reaction digested
with EcoRI displaying the predicted bands 4.2 and 7.4kb. B. Representative image sequence of a single cardiomyocyte
contraction cycle (top-Relaxed, middle-Contracted and bottom-Relaxed form) — a-actinin-mCherry in Red. C. Image
sequence loaded to software Image J as image stack (left); Pixel intensity profile of the line crossing the sarcomere
length plotted over distance for each frame (right). D. Power Spectral Analysis software displaying on the left panel
the pixel intensity profile with the user input of pixel size (dx) and on the right panel the power spectrum analysis out-
put (white dots) fitted with a Gaussian distribution (red line), displaying the most frequent spacing observed (Peak)
for each image and the possibility to change the window type. E. Sarcomere spacing of each frame plotted over time
with user input of time resolution. Green lines - x0 and x1 are cursors that allow manual picking the interval between
relaxed and contracted sarcomere form during active contraction; Yellow lines — x2 and x3 are cursors that allow man-
ual picking the interval between contracted and relaxed sarcomere form during active relaxation.
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we studied the use of a sarcomeric fluorescent reporter in hESC-CMs by transient over-ex-
pression of the sarcomeric reporter construct. Although the cells were selected for transduc-
tion based on the neomycin cassette, not every cell visibly expressed the a-actinin-mCherry.
Moreover, there was a clear variation of sarcomeric-mCherry intensity between cardiomy-
ocytes of the same well. Of note, regardless of the sarcomeric-mCherry intensity, all cardi-
omyocytes displayed no or low non-sarcomeric expression of a-actinin-mCherry, mostly
localized around the nucleus as shown in Figure 8b, indicating an immediate degrada-
tion of the non-assembled a-actinin-mCherry inside the cardiomyocytes. This observation
suggests that the variation in sarcomeric-mCherry intensity between each cardiomyocyte
may not be caused by differences in expression of the a-actinin-mCherry but by the dif-
ferent amount of a-actinin-mCherry assembled onto the sarcomeres versus the endoge-
nous a-actinin. Although the number of clearly visible and measurable a-actinin-mCherry
positive cardiomyocytes is enough to conduct a single cell study, the variation of sarco-
meric-mCherry intensity increases the number of wells and time needed to obtain enough
measurable cells, especially when used in combination with other vectors (e.g. SARNA or
protein over-expression). A possible solution to increase signal-to-noise ratio of the sar-
comeric-mCherry intensity in this approach is to replace the mCherry by a more recently
developed mRuby?2 or TagRFP-T fluorescent proteins, which are 2.5x and 3Xx, respectively,
brighter than mCherry[17,18].

After capturing good quality image sequence of contracting a-actinin-mCherry sarcomeres
the most intuitive method to analyse sarcomere distances would be to measure the average
distance between the consecutive sarcomeres using the intensity peak of each sarcomer-
ic-mcherry as reference. However, the output of this method was extremely noisy due to
the background created by the movement of the sarcomeres in each frame (data not shown),
impairing the analysis of sarcomere kinetics. Different studies have employed the Fourier
transformation to decompose the signal derived from pixel intensity plot made across the
sarcomere length into a frequency spectrum, which can be used further to assess the most
dense wavelength corresponding to the sarcomere distance[14,19,20]. The use of this tool
fitted with a Gaussian distribution and enabled the assessment hESC-CM sarcomere veloc-
ity of shortening and relaxation. The preliminary data suggest that hRESC-CM sarcomeres
contract 5x slower than the observed velocities for Cat and Rat cardiac sarcomeres[13], most
probably due to hESC-CM immature stage and/or to physiologic differences between spe-
cies.
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Conclusion

This chapter describes the development of a-actinin-mCherry fusion protein as a tool for
sarcomere kinetics analysis in hPSC-CM. The use of the a-actinin-mCherry as a sarcomeric
reporter tool was accomplished by lentiviral transiently delivery directly into hESC-CM,
establishing a proof of concept of a-actinin-mCherry fusion assembly into functional sarco-
meres. Power spectra analysis software was developed to determine the sarcomere spacing
of each frame in a high-speed movie of a contracting cardiomyocyte, enabling the assess-
ment of movement kinetics of single sarcomeres. In conclusion, we successfully developed
a multifunctional tool, which will enable to study hPSC-CM contractile function in healthy
and diseased conditions, responses to drugs and sarcomerogenesis and maturation.
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Supplementary figures
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Figure S2. Vector map of pENTR1A (Authorized by Thermo Fisher Scientific).
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Figure S3. Vector map of pLenti CMVTRE3G Neo destination (provided by Dr. Eric Cam-
peau and authorized by Addgene).
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Figure S4. Vector map of pLenti CMV rtTA3 Blast (provided by Dr. Eric Campeau and
authorized by Addgene).
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Figure S5. Vector map of pLenti CMV Neo (provided by Dr. Eric Campeau and authorized
by Addgene).

Table S1 - Polymerase Chain Reaction

Final concentration

Phusion Taq

0.02U/ul
(ThermoScientific)
5x Phusion HF Buffer Ix
DMSO 3%
dNTP 200.0uM each
Fw primer 0.5uM
Rv primer 0.5uM
— 1.0pg-10.0ng
(=1.0 ub
MQ t0 50.0ul
Total 50.0pl
Table S2 - PCR cycle program
Cycle step Temperature Time Cycles
Initial 98°C 02:00 1x
denaturation
Denaturation 98°C 00:30
Annealing XeC 00:30
Extension 72°C 0:15- 25x
0:30s/kb
Final 72°C 10:00 1x
extension
Hold 12°C ©
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Table S3 - Digestion reaction *Enzyme’s volume should not exceed 10% of

the final volume. It is possible to use two en-

Enzyme* 1.0-1.5ul i o o
zymes in one reaction, if they are active in simi-
DNA 2-10pg lar conditions (reaction buffer, temperature)
Buffer 10x** Ix . .
**Reaction buffer should be chosen following a
BSA 10x*** Ix producer’s table of enzymes’ activity
MQ to final volume ) " . )
**BSA intensifies the reaction, but is not rec-
Total 20.0-50.0p1 ommended for all enzymes (check producer’s

table of enzymes’ activity)

Table S4 — Amplification primers

Name

FWampl

RVampl
FWamp?2
FWamp3
RVamp2

Sequence Restriction site  binding end
CGGGTACCACCATGAACCAGATAGAGCCC Kpnl 5'
CGGGTACCGCCAGATCGCTCTCCCCGTA Kpnl 3
CAGTCGACCACCATGAACCAGATAGAGC Sall 5'
TGGGTACCATGGTGAGCAAGGGCGAGGA Kpnl 5'
ATCTCGAGTTACTTGTACAGCTCGTCCA Xhol 3
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Abstract

Hypertrophic Cardiomyopathy (HCM) is a cardiac disease, morphologically characterized
by cardiac hypertrophy, fibrosis and impaired heart function. HCM is primarily associated
with mutations in sarcomeric proteins. Mutations in sarcomeric Myosin Binding Protein C
(MYBPC3) account for approximately 25% of all HCM patients. The majority of mutations
in MYBPC3 are nonsense mutations, predicted to produce truncated proteins. However,
instead of truncated proteins, lower levels of full-length protein of MYPBCS3 are frequently
found in heart samples of patients with mutations in MYBPC3, strongly suggesting that
haploinsufficiency is responsible for the cardiac disease phenotype. In Chapter 4 we de-
scribed a contractile defect in human induced pluripotent stem cell derived cardiomyo-
cytes (hiPSC-CM) from HCM patients carrying a MYBPC3 mutation. In this chapter we
demonstrate that decreasing the MYBPC3 protein level through short-hairpin RNA knock-
down in normal hPSC-CM induces contractile dysfunction similar to the observations on
MYBPC3 mutated hiPSC-CM. Additionally, we observed a decrease in diastolic sarcomere
length together with a decrease in shortening and elongation amplitude of the sarcomeres
of MYBPC3 deficient hPSC-CM. Knock-down of MYBPC3 did not affect calcium handling
of hPSC-CMs, but reduced the ATP consumption per contraction cycle. In summary, we
successfully developed a human in vitro model for cardiac MYBPC3 haploinsufficiency in
combination with state of the art biophysical and imaging techniques, which will allow us
future investigation of the molecular mechanisms responsible for HCM.
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Introduction

Hypertrophic Cardiomyopathy (HCM) is the most common inherited cardiac disease with
an estimated prevalence of 1:500 in the general population[1]. HCM is characterized mor-
phologically by thickening of cardiac walls, mainly induced by hypertrophy and disarray
of cardiomyocytes as well as cardiac fibrosis, leading to asymmetric ventricular hypertro-
phy and obstruction of the left ventricular outflow tract[1]. The clinical symptoms are vari-
able among patients, ranging from asymptomatic individuals to patients with chest angina,
cardiac dyspnea, atrial fibrillation and sudden cardiac death[1,2]. Several causal mutations
for HCM have been identified in genes encoding sarcomeric proteins such as cardiac myo-
sin binding protein C (MYBPC3) (42%), B-myosin heavy chain (40%), troponin T (6.5%), and
myosin light chain 2 (<1%), all with an autosomal dominant inheritance[3]. The different
mutations found in each protein can be divided into: 1) missense mutations (causing a sin-
gle amino acid substitution); 2) nonsense mutations (insertion or deletion of a nucleotide,
causing a shift of the open reading frame shifts and consequent a premature stop codon; 3)
in-frame insertion or deletion of a number of nucleotides[4]. A nonsense mutation generat-
ed by a guanine duplication at the nucleotide position 2373 of the myosin binding protein
C (MYBPC3) gene is responsible for nearly one fourth of the HCM cases in the Nether-
lands and is therefore being considered as a Dutch founder mutation[5]. This mutation is
predicted to create a premature stop codon and consequently a truncated protein at the
C-terminus[6]. However, a truncated MYBPC3 protein has not been found in heart samples
derived from these patients, suggesting that the truncated protein is degraded. A decrease
in total amount of MYBPC3 was also found in these patients compelling the thought of a
disease-causing haploinsufficiency[6,7].
A) Dephosphorylated cMyBP-C B) Phosphorylated cMyBP-C

Actin thin filament

Actin thin filament

Titin

Myosin-LMM

Figure 1- Schematic trimeric collar organization of dephosphorylated and phosphorylated MYBPC3 in
the sarcomere. The C5-C10 domains of three MYBPC3 molecules (white, light gray and dark gray) are
wrapped around the filament of light meromyosin (myosin-LMM, in light gray) and titin (in black).
The overlapping is stabilized by interactions between domains C5:C8 and C7:C10 of two adjacent MY-
BPC3 molecules. The C0-C4 domains of MYBPC3 are extended into the interfilament space. A. when
MYBPC3 is dephosphorylated in the MyBP-C motif (M), the C1-M-C2 domains are tightly bound to
myosin-S2 (gray rectangles) and actin (white rectangle); this prevents cross-bridges formation. B. when
MYBPC3 is phosphorylated, M domain releases its interaction with myosin-S2 and actin. This allows
myosin heads (myosin-S1) to get ordered and extended to the thin filaments, which results in strong
actin-myosin interactions. In contrast to the M domain, C1 domain binds to actin irrespective of the
phosphorylation state of MYBPC3 (Taken from Schlossarek S. et. al 2011 with permition).
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The MYBPC3 is a 140kDa protein, localized transversally in the A-band of cardiac sarcom-
eres. This protein comprises 11 domains (C0-C10) that connect the thin (actin) to the thick
filaments (myosin) through binding of the CO and C1 domains to the actin filament and C5
to C10 domains to the myosin, titin and light meromyosin (LMM)[4]. Moreover, the C2 to
C4 domains together with the MYBPC motif have an important role in modulating contrac-
tion as they are tightly bound to the myosin head, preventing its cross-bridge binding the
actin during the relaxed state. The MYBPC motif contains three phosphorylation sites that
are phosphorylated upon contraction, releasing the interaction with myosin-S2 (Figure 1)
This release allows the myosin heads to extend and strongly interact with the actin on the
thin filament[4]. Even though sarcomeric organization has been well described, the precise
function of MYBPC3 during contraction is still not completely understood and direct con-
sequences of various mutations or change in levels of expression have been subject of in-
tensive research. The absence of MYBPC enables the movement of the myosin heads closer
to the actin filament[8], increasing the probability of the myosin head being weakly bound
to the actin at any given contraction stage. These random cross bridge have been shown to
impair the full relaxation of the sarcomere[9] and decrease the strong myosin-actin interac-
tions and force generation during contraction[10]. Random cross bridges not only impair
the generation of contractile force but also use energy that is not converted into contraction,
which translates to a decreased cardiac output while consuming the same amount of en-
ergy. Patients who carry a MYBPC3 mutation display reduced myocardial work relative
to oxygen consumption[11]. The impairment of myocardial work indicates that the link
between sarcomere mutations and the development of HCM may be related to bioener-
getics demand. Further research is needed to fully verify and understand the mechanisms
of this disease. Since patient-derived cardiac samples are extremely difficult to obtain and
controlled experimental design using primary cardiomyocyte cultures are hampered by
the inability to proliferate and the challenging task to maintain viable functional cardio-
myocytes in vitro. The use of patient-derived induced pluripotent stem cells (iPSC) pro-
vides an excellent opportunity to study this. In chapter 4 we showed that cardiomyocytes
derived from hiPSC (hiPSC-CM) of patients carrying the 2373dupG mutation display de-
crease contraction stress when compared to cardiomyocytes derived from hiPSC of healthy
donors. In order to have a better understanding of the underlying working mechanism of
the disease we established an isogenic human in vitro model of MYBPC3 haploinsufficiency
using short-hairpin RNAs (shRNAs). Using a multiplex platform we analyzed changes in
calcium, sarcomere and contraction kinetics as well as energy consumption caused by the
MYBPC3 knockdown in single cardiomyocytes.

Materials and methods

hESC culture and differentiation

The previously described cardiac reporter NKX2-5eGFP/w hESC line[12], was maintained
on mouse embryonic fibroblasts (MEFs) and passaged using TrypLE select (Life Tech-
nologies). Cardiac differentiation was induced from monolayer cultures on Matrigel in
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a serum-free medium (BSA, polyvinyl alcohol, essential lipids [BPEL]) as previously de-
scribed[13]. The following factors were present for the first 3 days 20 ng/ml BMP4 (R&D),
20 ng/ml Activin A (Miltenyi Biotech) and 1.5 uM CHIR 99021 (Axon Medchem). 5 pM
XAV 939 (Tocris Bioscience) was present on days 3-6. Beating cardiomyocyte cultures were
dissociated on day 13 and replated on Matrigel-coated 24-well plates. At day 16 cardiomy-
ocyte cultures were refreshed in defined cardiomyocyte culture medium (CCM), which is
composed of the following: DMEM (Sigma D5030), 15 mM glucose, 0.5 mM sodium pyru-
vate, 0.19 mM sodium hydroxybutyrate, 0.5 mM L-carnitine, 1 mM creatine, 5 mM taurine,
phenol red (0.011 g/1), 1x Trace elements (A, B and C; Corning), 1x chemically defined lipids
(Life Technologies), 2 mM Glutamax, 400 uM a-thioglycerol, 0.1x ITS-X, 50 pg/ml AA-2P,
0.5% Pen-Strep, 3.5 g/l sodium bicarbonate, 100 nM T3, 100 ng/ml Long R3 IGF-1 and 1 uM
dexamethasone (TID).

Lentiviral transduction

shRNAs against MYBPC3 (NM_000256) were obtained from Open Biosystems in the
pLKO Puro vector (#1 - TRCN0000082906 (AGCCAGAATATGGTTGGCTTT) and #2 -
TRCN0000082903 (CCTCCCTACTGTTGGATGTAT). A scrambled control shRNA was used
as control (Sarbassov et al., 2005) (Addgene plasmid: 1864). The lentivirus containing pLen-
ti CMV Puro DEST a-actinin-mCherry was described in chapter 5. Cardiomyocytes were
transduced with lentiviruses on day 15 of differentiation and subsequently selected with
puromycin before single cell dissociation and analysis.

Western blotting

Samples were lysed with ice cold ELB (50mM HEPES pH 7.0; 250mM NaCl; 5mM EDTA;
0.1% NP-40) with 1:100 Protease Inhibitor Cocktail (Sigma-Aldrich) for 30 mins on ice. The
samples were centrifuged at 7,000g for 10 mins and supernatant was quantified for pro-
tein content using the Bio-Rad Protein Assay (based on the Bradford dye-binding meth-
od). 100ug of the hiPSC-CM lysates were run on a 6% polyacrylamide gel and 30ug of the
hESC-CM with the shRNA lysates were run on a 10% polyacrylamide gel together with the
protein ladder (Precision Plus Protein dual colour — Bio-Rad). Proteins were transferred to
an Amersham Hybond membrane (GE Heathcare- Life Sciences) overnight. The membrane
was blocked with blocking buffer (2% milk in PBS) and MYBPC3 protein was detected using
a specific antibody: Rabbit IgG anti- MYBPC3 (1:2000) overnight at 4C kindly provided by
Dr. Sakthivel Sadayappan (Department of Cell and Molecular Physiology, Health Sciences
Division, Loyola University Chicago), followed by incubation with a Horse anti-Rabbit IgG
— HRP (1:2000) (Cell Signaling). As an internal control for protein levels, and more specifi-
cally cardiomyocytes, we used a mouse IgG anti-Actin (1:1000) (MAB1501 — Millipore) and
mouse IgG anti-a-actinin (A7811-Sigma-Aldrich) overnight at 4C, respectively. As a second
antibody we used a goat anti-mouse IgG-HRP (1:2000) (Cell Signaling).

Contraction stress, sarcomere dynamics and calcium transients measurements on single
cardiomyocytes

Contraction stress
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As described in chapter 2 cells were seeded onto gelatine patterned acrylamide gels 4 days
before measurements at 37°C and 5% CO2. Briefly, using a Leica AF-6000LX microscope,
image-series of aligned single contracting cardiomyocytes paced at 1Hz were taken at a
40x magnification at 20 frames per second, recording brightfield and fluorescent beads
(660/680nm). Single frames from maximal relaxation and contraction of the brightfield and
fluorescent beads image-series were analyzed by the LIBTRC software package (kindly pro-
vided by Dr. Micah Dembo), creating a mask of the cell outline from the brightfield image
and a vector map from the difference between the relaxed and contracted fluorescent beads
images. The vector map and the cell mask were used to calculate the total force that the cell
applies on the substrate at its maximum peak of contraction. The contraction stress gener-
ated by the cardiomyocyte during contraction was calculated by dividing the total force by
the cell surface area.

Sarcomere dynamics

Contraction cycles of cardiomyocytes were recorded in image series of 500x500 pixels us-
ing a 40x dry objective with an internal 1.6x magnification displaying clearly visible and
measurable a-actinin-mCherry (587/610nm) expression during at least 6 contractions with
a time resolution of 17 milliseconds (56 frames/second). After export to uncompressed TIF
format, Image stacks were constructed with the program of Image] or Fiji (National In-
stitute of Health NIH U.S.A). The intrinsic function Z-profile of the program was used
to construct a line-profile exactly perpendicular to the sarcomeres over the length of one
cardiomyocyte. A plugin for Image] was written to export the profiles to a time-Z data set.
A second program was developed for the interactive analysis using LabVIEW (National In-
struments Corporation Austin, U.S.A.) - Power Spectral Analysis. A power spectral analysis
per frame (Z-profile) was computed using an Hanning window output. Visual inspection of
the power spectra always revealed a single peak and its successive second harmonics. The
individual power spectral profiles were then fitted according a Gaussian function using the
Levenberg-Marquardt algorithm with a ten times increased time resolution. The center fre-
quency of this fitting (first peak in the spectrum) was used to compute the actual spacing (1/
frequency) between the sarcomeres. Finally, all computed points were plotted against time.
From this graph, the speed of contraction and relaxation, the contraction duration and the
repetition frequency was extracted.

Calcium transients

After recording images for contraction stress and sarcomere dynamics cells were incubated
in 5uM of Fluo-4 AM (Invitrogen), unless mentioned otherwise, for 20mins at 37°C and
5%CO0O2. The change in Fluo-4 intensity (485/520nm) was recorded for each contracting car-
diomyocytes paced at 1Hz with a time resolution of 17 milliseconds (56 frames/second) for
at least 6 full contractions. Transient recordings were analysed using Image]-Fiji in combi-
nation with a custom-made software generated to convert raw data to dF/FO results. The
calcium transient duration (from peak amplitude until 90% return to base level, CaT90),
amplitude, slope and decay were determined. The time constant of calcium transient decay
(t) was obtained by fitting the decay phase with a single exponential function (y=A0+Alex-
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pl-t/]).
Respiration measurements with the Seahorse XF-24 Analyzer

GFP+ cardiomyocytes were sorted by FACS and seeded on Matrigel-coated assay plates
at a density of 7x104 cells per well of a Seahorse XF plate, 7 days before measurement. At
the time of seeding cells were transduced with lentivirus expressing the scrambled shR-
NA or the B7 MYBPC3 shRNA. Measurements were performed in bicarbonate-free DMEM
(D5030; Sigma Aldrich), containing 0.25% fatty acid-free BovoStar (Bovogen, Australia), 15
mM glucose, 0.5 mM sodium pyruvate, 1 mM sodium lactate, 0.15 mM sodium hydroxy-
butyrate, 2 mM GlutaMAX (Life Technologies) and 0.5 mM L-carnitine. Cells were washed
twice and pre-incubated in assay medium 1 h before measurement. Contraction frequen-
cies of each well were recorded manually at 37°C just before measurement. To assess ATP
demand for contraction, after recording the basal respiration rate 5 pg/ml blebbistatin was
injected and the respiration rate immediately recorded, followed by measurements after
injection of oligomyecin to inhibit ATP synthase and then rotenone and antimycin A to in-
terfere with the electron transport chain. A vehicle-only injection was performed in parallel
for normalization. In addition, a standard protein assay was used to normalize values to
whole cell protein. The oligomycin-sensitive oxygen consumption was converted to an ATP
production rate using a P/O ratio of 2.3 as previously described [14].

Statistical analysis

Differences between the different groups were assessed by Student’s t-test for compari-
son of two groups or one-way ANOVA followed by Bonferroni post-test for comparison
of three or more groups. The differences in cell structure classification were assessed using
Chi2 test.

Results

In chapter 4 we described an in vitro model that effectively mimics the contractile dysfunc-
tion observed in patients. However, this model was based on hiPSC-CM derived from dif-
ferent individuals with different genetic background. In order to minimize the phenotypi-
cal differences due to genetic background, we decreased MYBPC protein levels by shRNAs
knock down in single hESC lines.

Two different shRNAs specifically targeting MYBPC3 and one scrambled were delivered
by lentiviral transduction into cardiomyocytes differentiated form the Hes3-NKX2-5eG-
FP/w hESC line. Both shRNA constructs effectively decreased mRNA levels and protein
expression of MYBPC3 in these cells, when normalized for the effects of control scrambled
shRNA (Figure 2A, B and C). Further experiments were performed in a cardiomyocyte cul-
ture medium (CCM) containing TID with entirely defined basal components and no serum
albumin (see Experimental procedures) to maximize functional output. In order to analyse
changes in the sarcomere dynamics, hESC-CM were co-transduced with a lentivirus car-
rying the a-actinin-mCherry as described in chapter 5. The cells were cultured for 10 days
after virus transduction in CCM before seeding on the patterned lines for contraction stress
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Figure 2- Knockmg down MYBPC3 in hESC-CM. A. Relative MYBPC3 mRNA expression in hESC-CM
transfected with scrambled (SCR) shRNA or two distinct MYBPC3 shRNA (N=3). Expression levels
were normalized to RPLP expression. B. Western blot assessment of MYBPC3 protein expression after
knockdown. C. Sarcomeric immunostaining on hESC-CM after MYBPC3 knockdown; Red-MYBPC3;
Green-Troponin I; Blue-Nucleus.

measurements. Since the contraction force setup is based on optical recordings at excita-
tion/emission 660/680nm, additional measurements can be recorded at other wavelengths,
such as sarcomere dynamics at 587/610nm and calcium kinetics at 485/520nm on the same
cardiomyocytes (Figure 3).

Calcium kinetics  Sarcomere dynamics Contraction stress
Brightfield Calcium dye a-Actinin-mCherry  Fluorescent beads

(485/520nm) (587/610nm) (660/680nm)

Figure 3 — Example of the single cell multiplex platform. Grey left- Brightfield picture of a beating
cardiomyocytes. Green middle- Single frame of calcium transients measurements using Fluo-4; Red
middle- a-Actinin-mCherry used to analyse sarcomere dynamics; B&W right- Fluorescent beads
embedded on the polyacrylamide gel for contraction stress measurements.
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Knocking down MYBPC3 (shRNA) induced a significant decrease in contraction stress of
hESC-CM but no changes in cell size were observed (Figure 4A and B), which is consistent
with our previous findings using hiPSC-CM from patients with the ¢.2373dupG mutation,
as described in chapter 4. This suggest that contractile defects are indeed due to haploinsuf-
ficiency for MYBPC3. To determine whether the decrease in contraction stress was caused
by changes in sarcomere dynamics, movement of a-actinin-mCherry positive Z-disks dur-
ing contraction were recorded on the same cardiomyocytes. Although the majority of the
cardiomyocytes were transduced, only the minority of cardiomyocytes assembled a-ac-
tinin-mCherry to a level that is clearly visible and measurable (Chapter 5). Preliminary data
showed that the shRNA induced a significant reduction in the diastolic sarcomere length
together with a decrease in shortening and elongation amplitude (average distance migrat-
ed by each sarcomere during contraction and relaxation, respectively) (Figure 5A, B and
C). Additionally, there is a trend in the decrease of the shortening and elongation speeds
of sarcomeres in the ShRNA cardiomyocytes (Figure 5D and E), suggesting both impaired
relaxation and contraction of the sarcomeres. Additional experiments need to be performed
in order to analyse the relation between sarcomere dynamics and contractile force gener-
ation for each group. Nevertheless, if both sShRNA and Scr groups are combined there is a
correlation between force generation of individual cardiomyocytes and the amplitude of
sarcomere shortening, amplitude of sarcomere relaxation as well as with the sarcomere
diastolic length. However, this correlation does not exist between force generation and sys-
tolic length (Figure 6 A, B, C and D).
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Figure 4- Contractile force changes of cardiomyocytes with MYBPC3 knockdown A. Contraction
stress and B. cell size measured on single hESC-CM with no virus (n=15) or transduced with a scram-
bler (n=32) or two different MYBPC3 shRNA (n=26 and 16); . *P<0.05.

Several studies have described changes in calcium handling as an important characteris-
tic of hypertrophic cardiomyocytes[9,15-17]. Therefore, assessing the impact of MYBPC3
knock down on calcium handling properties may shed some light on the HCM disease state
of this human in vitro model. After contraction stress measurements, the cardiomyocytes
were loaded with 5uM Fluo-4 for 20mins and the fluorescence intensity change was record-
ed in each contracting cardiomyocyte. To control for the effect of the calcium buffering by
the Fluo-4 each cardiomyocyte was measured again for contraction stress after Fluo-4 load-
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ing. No changes in any calcium kinetics parameters were observed on the shRNA treated
cardiomyocytes in comparison with the controls (Figure 7A, B, C, D and E). Nevertheless,
the effect of calcium buffering of the Fluo-4 on the single cardiomyocytes greatly affected
the contraction stress generation of the cardiomyocytes from all groups (Figure 7F), indi-
cating that the high concentration of dye was compromising the contractile machinery of
the cardiomyocytes.
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Figure 5- Changes in sarcomere dynamics of cardiomyocytes with MYBPC3 knockdown. A. Sarcomere
length at relaxed state. B. and C. Average distance migrated by one sarcomere during relaxation and
during contraction, respectively. D. and E. Average speed at which one sarcomere moves during relax-
ation and contraction, respectively (Scr n=6; MYBPC3 shRNal n=6). *P<0.05.

Recent studies suggested that MYBPC3 deficiency may give rise to HCM because of an in-
creased energy requirement for muscle contraction[11,18]. To test this, bioenergetic profiles
of contracting cardiomyocyte monolayers were determined using the Seahorse XF24 Ana-
lyzer on cardiomyocytes from the same experimental groups. Contraction rates, measured
prior to analysis, were not significantly different between groups. Under standard condi-
tions (15 mM glucose, 0.5 mM sodium pyruvate) normalized to total cell protein, the basal
respiration rate and the ATP turnover appeared slightly but not significantly decreased in
cardiomyocytes transduced with MYBPC3 shRNA (Figure 8A, B and C). Moreover, bleb-
bistatin-sensitive respiration rate per contraction cycle was decreased significantly, which
is translated to a reduction of ATP use by the actomyosin ATPase for each contraction cycle
(Figure 8D).
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Figure 6- Relation between total contraction stress and sarcomere dynamics. A. and B. Correlation
between contraction stress and average distance migrated by one sarcomere during relaxation or
during contraction, respectively. C. Correlation between contraction stress and sarcomere length
at relaxed state. D. Contraction stress does not correlate with sarcomere length at contracted state.
With P<0.05* and P<0.01** a correlation was considered existent and a linear regression line was
drawn (black line) with the respective R2; With P >0.05 no correlation was considered existent and
therefore no linear regression line was drawn.

Discussion

In the work described we developed a human stem cell derived model for multiplex anal-
ysis of cardiomyocyte function in disease-simulating conditions. Knockdown of MYBPC3,
which mimics the reduced levels of MYBPC3 in HCM patients, resulted in contractile im-
pairment, defects in sarcomeric relaxation and contractile properties and a decrease in bi-
oenergetic demand in hESC-derived cardiomyocytes. We combined different tools devel-
oped in previous chapters creating a multiplex platform for measuring contraction stress,
sarcomere dynamics and calcium transients in individual cells.

This was a follow up study to chapter 4 where we demonstrated impaired contractile stress
in patient derived hiPSC-CM with mutations in MYBPC3. Although the effects on contrac-
tile stress were evident, it was unclear whether reduced levels of MYBPC3 were sufficient
for the cause of the observed phenotype. Furthermore, we also investigated in more detail
the underlying mechanism, by measuring various functional assays in control and diseased
cardiomyocytes. For this we knocked down MYBPC3 protein in hESC-CM, enabling us
to study the specific role of this protein in cardiomyocyte function by comparing isogenic
hESC-CMs with and without knockdown. Alternatively, to determine the causal relation-
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ship between the affected protein and the disease phenotype, diseased hiPSC bearing the
mutation could be genetically rescued by correcting the mutation, creating an isogenic con-
trol. It has been shown previously that the 2373dupG mutation resulted in a decrease of
MYBPC3 protein levels human myectomy samples[7], suggesting that the disease is caused
by haploinsufficiency of MYBPC3. The contractile defect observed in the cardiomyocytes
with decreased MYBPC3 content is consistent with the phenotype observed in patients’
cardiac samples[11]. Although the contractile force measurement is a direct consequence
of sarcomeric function, a correlation has not been previously shown in hPSC-CM models.
The shorter diastolic sarcomeric length and the impairment of shortening and lengthening
amplitudes caused by the reduction of MYBPC3 is congruent with previously reported
findings in mouse models[9], which substantiates the notion that this protein plays a crucial
role in sarcomere function and stability. Moreover, the positive correlation observed be-
tween these parameters of sarcomere dynamics and the total contractile force suggests that
reduction of MYBPC3 levels impairs contraction stress by disrupting sarcomere function.
Furthermore, it would be interesting to determine differences in the relationship between
contraction stress and sarcomere dynamics in the diseased model versus control. For this
we would need to increase the number of samples in order to make robust conclusions.
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Figure 7- Changes in calcium handling of cardiomyocytes with MYBPC3 knockdown. A. and B. Slope
and duration of rise in intracellular calcium, respectively. C., D. and E. 10%, 90% and decay constant
of intracellular calcium, respectively. F. Contraction stress of the same cardiomyocytes before and after
(+F) Fluo-4 incubation of each group. No virus-n=10; Scr-n=17; MYBPC3shRNA1-n=16; MYBPC3shR-
NA2-n=8.

Most individuals carrying a MYBPC3 ultimately develop HCM. Recent studies using pa-
tient derived hPSC-CM models of HCM have described this disease phenotype in vitro as
increased cell size and calcium handling defects[15,17]. However, in our model none of
these characteristics are observed in the MYBPC3 deficient cardiomyocytes, which may
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indicate that sarcomeric and contractile dysfunction precede an adaptive hypertrophic re-
sponse. This notion is supported by the fact that HCM is mostly observed later in life of
MYBPC3 mutation carriers[11]. It is important to note that the calcium dye evidently af-
fects the excitation-contraction coupling of single cardiomyocytes by buffering the calcium.
These observations are reason for concern that Fluo-4 interferes with the calcium handling
kinetics: this could be responsible for masking possible differences between disease and
control previously described in other HCM causing mutations[15]. The use of calcium dyes
has been well established for multicellular platforms in which calcium chelation does not
affect the contractile output[19]. On the other hand, single cardiomyocytes are more sensi-
tive to the accumulation of calcium dye inside the cell, which can easily disturb the calcium
handling kinetics.
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the scrambled versus the MYBPCshRNAL1 rates. *p<0.05.
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The knockdown of MYBPC3 induced a decrease of about 50% in the energy usage per con-
traction cycle, matching the decrease in contractile force generation, meaning that there is
similar energy usage per contraction cycle (contractile work) between control and disease
groups. This result is not congruent with the theory of increased energy costs per contrac-
tion observed in human cardiac samples[11]. One possible explanation for this could be the
immature contractile machinery of the hPSC-CM, which might become less function in the
absence of MYBPC3 and therefore use less energy.

Conclusion

In this chapter we developed a new disease model for MYBPC3 deficiency using hPSC-de-
rived cardiomyocytes. Knocking down the MYBPC3 in these human cardiomyocytes in-
duced a reduction in contractile force generation, which was correlated with specific chang-
es in sarcomere dynamics. The reduction of MYBPC3 did not affect the calcium handling
properties but diminished the energy used per contraction cycle. In conclusion, by applying
different tools developed in previous chapters we were able to create a multiplex platform
for measuring cardiomyocyte function in individual cells enabling the development of an
in vitro hPSC-derived disease model for MYBPC3 that recapitulates important functional
characteristics of the disease as observed in HCM patients with mutations for MYBPC3,
making it a step forward towards studying and understanding the mechanism of cardio-
myopathies.
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Abstract

The inability of multipotent cardiovascular progenitor cells (CPCs) to undergo more than
a few divisions in culture has precluded stable expansion of precursors of (human) cardio-
myocytes and vascular cells. This contrasts with neural progenitors, which can be expand-
ed robustly and are a renewable source of their derivatives. Here, we used human pluripo-
tent stem cells (hPSCs) in which CPCs are genetically marked to show that regulated MYC
expression enables their robust expansion through IGF-1 and hedgehog signalling. These
CPCs can be patterned with morphogens, recreating features of heart field assignment, and
controllably differentiated to relatively pure populations of pacemaker-like or “working”
ventricular-like cardiomyocytes with strikingly different physiological characteristics. The
cells are clonogenic and can be expanded over 40 population doublings yet still be directed
to differentiate to cardiomyocytes as well as vascular cells. Together, this tractable model
reveals the potential of hPSC-derived CPCs for precisely recreating elements of heart de-
velopment in vitro.
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Introduction

Human pluripotent stem cells (hPSCs) can recapitulate aspects of development in vitro and
produce cell types not routinely available from primary tissue. This has already proven use-
ful in modeling disease, screening compound libraries to identify drug targets and develop-
ing cell therapies [1-3]. The heart is of particular relevance because of its vital function and
inaccessibility. Differentiation of hPSCs to cardiomyocytes and vascular cells can contribute
to understanding the nature of congenital defects in development and disease and in safety
pharmacology, as the heart is a crucial target of toxicity [4]. The availability of expandable
hPSC-derived multipotent CPCs with the ability to form cardiomyocytes and vascular cells
in culture could advance all of these areas by providing renewable precursors without the
need to return to the hPSC source. This goal has been challenging because the culture re-
quirements of CPCs are uncertain and their molecular identity is poorly defined [5].

In heart development, CPC populations arise within bilateral cardiogenic areas of meso-
derm. Following prior lineage segregation, one CPC population, called the first heart field
(FHEF), forms the myocardium of the linear heart tube, and the remaining pool of undif-
ferentiated CPCs, called the second heart field (SHF), are added later, providing further
cardiomyocytes, smooth muscle and endothelial cells to the developing heart [6]. The genes
ISL1 and NKX2-5 (the vertebrate homolog to tinman), which encode homeobox transcrip-
tion factors, are two of the earliest genes identifying CPCs and may be expressed at least
transiently in the majority of these cells [7-9]. Both have been used to isolate multipotent
CPCs from embryonic or neonatal hearts and hPSCs, and the potential of these cells for
differentiation has been demonstrated in short-term experiments [10-12]. However, the dif-
ference between the isolated populations in these respective studies is unclear, and hetero-
geneity in clonal experiments suggests that there is a need for additional markers and better
methods for robustly maintaining discrete populations at different stages of commitment.
Expression of Nkx2-5 in mice, for example, is present in the majority of CPCs destined to
form ‘working’ myocardium but is thought to be absent in the SHF lineage destined for
the sinoatrial node (SAN) [13]. These SAN progenitors, however, express Isl1 and may also
express Tbx18, which encodes a T-box transcription factor14. Conversely, in mice, the FHF
CPC population, which gives rise mainly to primitive left ventricular progenitors, may be
uniquely marked by early Hen4 expression [15,16]. Hen4 is expressed later and then main-
tained in the Isl1'"Nkx2-5Tbx18" SHE-CPC-derived SAN. These important commitment
steps and their regulatory mechanisms are not resolved in the hPSC model. Generating
pure populations of pacemaker cells is crucial for modeling sinus node dysfunction and
could be useful in the future development of biological pacemakers; pure populations of
ventricular or atrial working myocardial cells would similarly benefit other applications.

The practical challenge for more effectively directing cardiac progression from hPSCs is to
slow the otherwise rapid and uncontrolled transition from the appearance of CPCs, marked
by increasing expression of platelet-derived growth factor receptor-a (PDGFR-a)[17], to
their differentiation, predominantly to cardiomyocytes of heterogeneous identity. Here,
taking advantage of NKX2-5°¢""* human embryonic stem cells (hESCs) in which the emer-
gence of NKX2-5* cells can be followed by eGFP expression, we report a solution through

143




regulated MYC expression. This enables the expansion of primitive pre-NKX2-5" CPCs,
their patterning through regulation of fibroblast growth factor (FGF) and bone morpho-
genetic protein (BMP) signaling and their directed differentiation to NKX2-5-eGFP* work-
ing ventricular-like cells, NKX2-5-eGFP~ pacemaker-like cells and endothelial and, later,
smooth muscle cells, mimicking the cardiac developmental program.

Results

Regulated MYC expression restrains cardiac differentiation

A doxycycline-inducible MYC transgene (Tet-On-MYC) was introduced into an NKX2-5F
P hESC line to allow MYC expression to be controlled during differentiation. In NKX2-5e¢%
P Tet-On-MYC hESCs and day 5 embryoid bodies (EBs) derived from them, MYC ex-
pression could be tightly regulated by doxycycline (dox) (Figure 1a,b and Supplementary
Figure 1). High transgene expression was also evident given the autosuppression of endog-
enous MYC [18]. In the absence of dox these hESCs could differentiate to beating cardiomy-
ocytes in EBs with similar efficiency as the parent line, making ~60% eGFP* cells by day 9 of
differentiation (Supplementary Figure 2a,b). Activation of MYC expression by addition of
dox during cardiac differentiation at day 5.5 or beyond had little impact on the expression
of NKX2-5-eGFP (Supplementary Figure 2c), whereas dox addition at day 4.75 signifi-
cantly blocked differentiation from the PDGFR-a" state to the NKX2-5-eGFP" state (Figure
1c,e and Supplementary Figure 2e). There was no such effect of dox on eGFP expression
in the parent line (Supplementary Figure 2b). We also analyzed the expression kinetics of
the posterior heart field marker podoplanin (PDPN) (Supplementary Figure 2d). PDPN
was highly expressed in undifferentiated hESCs and was maintained in derivative NKX2-
5-eGFP* cardiomyocytes, whereas in the heart myocardium PDPN expression is restricted
largely to the SAN [19]. These data suggest that PDPN may have utility as a marker of both
primitive CPCs and SAN-like derivatives in this system.

With the aim of further restricting CPC differentiation-inducing signaling, we added
SB431542 (SB) together with dox to inhibit endogenous transforming growth factor-f3
(TGF-B)-activin signaling; this further restrained NKX2-5-eGFP induction as measured on
day 8 (Figure 1d,e).

CPCs proliferate with defined mitogenic stimulation

To investigate the proliferative capacity of this largely PDGFR-a", pre-NKX2-5*, putative
CPC-encompassing population, we seeded cells at day 6 of EB differentiation at low density
on a soft basement membrane. With maintained MYC expression in the continued presence
of dox, cells proliferated to form small spheres (Figure 1f). If dox was not added or was
removed on seeding, spheres did not form, and cell proliferation was not apparent on this
substrate. Yet dox combined with SB was insufficient to robustly sustain the culture in a
growing state beyond this first expansion, so additional mitogenic stimulants or supportive
factors were sought.
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Figure 1- The expansion of early pluripotent stem cell derived cardiac cells. A. Time-course of MYC
mRNA induction by doxycycline (dox) in NKX2-5eGFP/w Tet-On-MYC hESCs and embryoid bodies
(EB). Expression is shown relative to the parent line. The lower panel shows the MYC protein induction
time-course in EBs and reversal on dox removal. B. FACS plots for PDGFRa and C. Podoplanin in un-
differentiated NKX2-5e GFP/w Tet-On-MYC hESCs and during a time-course of cardiac differentiation.
eGFP fluorescence, reporting NKX2-5 expression, is shown on the horizontal axis. The lower panel of
each shows the time-course following dox addition from day 4.75. D. Representative EBs imaged at
day 4.75 and again at day 9 showing the effect of dox/SB addition on eGFP induction. E. The percentage
of eGFP+ cells on day 8, with EBs maintained in the indicated conditions from day 4.75. F. Cultures
maintained in the indicated conditions, imaged 6 days after dissociation (of day 6 EBs). The bottom
panel shows the whole well. The upper images are magnifications at 4X and 10X (highlighted area).
G. Quantification of sphere number and size (cells/sphere) after 6 days. H. Relative mRNA expression
of hedgehog pathway response genes measured in spheres after expansion in dox/SB plus the factors
indicted. I. Time-lapse imaging showing a single cell proliferating to form a sphere. Error bars signify
SEM. *P<0.05 Paired t-test.

Roles have been proposed for IGF-1 and hedgehog signaling in CPC proliferation dur-
ing cardiac development [20,21]. Dox combined with SB and IGF-1 or SAG (an agonist
of Smoothened, part of the hedgehog signaling pathway) increased proliferation within
spheres by 2.1-fold or 2.7-fold, respectively (Figure 1f,g). Whereas dox combined with SB,
IGF-1 and SAG had an additive effect, increasing proliferation by 4.1-fold, MYC remained
essential. The expression of SAG-induced hedgehog response genes GLI1 and PTCH1 was
not modified by IGF-1, suggesting that the additive potentiation was not due to enhanced
hedgehog signaling (Figure 1h). Time-lapse imaging showed that spheres were typically
clonal (Figure 1i and Supplementary Video 1) and remained NKX2-5-eGFP~ under these
conditions.

Concerted FGF and BMP signaling induce NKX2-5 expression

As these sphere-forming cells might be in a developmental state equivalent to pre-NKX2-
5"CPCs, we tested whether expression of NKX2-5-eGFP could be induced in this popu-
lation by FGF and BMP signaling, as occurs during heart development [22-26]. For this
experiment, spheres were generated in medium containing dox, SB, IGF-1 and SAG (DSIS)
in the presence or absence of basic FGF (bFGF) and/or BMP4. SB does not interfere with
BMP signaling [27]. After 6 d, bFGF had potently induced NKX2-5-eGFP expression in a
concentration-dependent manner yet also reduced the number of spheres formed (Figure
2a—d). BMP4 alone had little impact on NKX2-5-eGFP expression but markedly potentiat-
ed induction by bFGF and, when combined with 1 ng/ml bFGF, was sufficient to induce
NKX2-5-eGFP expression in >95% of cells and to a higher intensity. BMP4 in combination
with bFGF also increased sphere formation compared to bFGF alone (Figure 2c). Inhibition
of BMP signaling with dorsomophin-homolog 1 (DMH1) restricted NKX2-5-eGFP induc-
tion by bFGF and completely blocked sphere formation at higher concentrations of bFGF.
A time-course experiment showed eGFP expression after 48 h of exposure to bFGF and
BMP4, and this expression reverted on factor withdrawal (Supplementary Figure 3). Both
the CPC marker PDGFR-a and the primitive CPC-SAN marker PDPN were downregulated
with increasing concentrations of bFGF and BMP4, creating heterogeneity in addition to the
variation in NKX2-5-eGFP levels (Figure 2a,b).
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Figure 2- NKX2-5eGFP expression is activated in spheres by concerted FGF and BMP signalling. A.
FACS measurements for PDGFRa and B. Podoplanin (PDN) together with eGFP, of spheres expanded
in: vehicle, BMP4 or the BMP signalling-inhibitor DMH], in concert with a range of bFGF concentra-
tions. C. Sphere number in each condition. D. eGFP* cells in spheres of each condition. E. Representa-
tive spheres (in suspension after collection) following expansion in the indicated conditions. SU5402 =
FGF receptor inhibitor. F. FACS measurement of eGFP- and eGFP* spheres for additional cell surface
makers. Unlabelled/isotype control-labelled cells are shown in grey and specific antibody-labelled cells
in red (eGFP’) or blue (eGFP*).

To additionally suppress endogenous FGF signaling and minimize differentiation, we pro-
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duced NKX2-5-eGFP PDPN" spheres in the presence of an FGF receptor inhibitor (SU5402)
as well as DMHI (Figure 2e). Differences in NKX2-5 expression were confirmed by western
blotting (Figure 2f and Supplementary Figure 4). Figure 2g shows an analysis of surface
markers in NKX2-5-eGFPPDPN* cells expanded in DSIS with SU5402 and DMH]I, com-
pared to the most divergent NKX2-5-eGFP* cells expanded in DSIS with 1 ng/ml bFGF
and BMP4. The pluripotent markers TRA160 and E-cadherin were absent, as were vascular
endothelial growth factor receptor 2 (VEGFR2, here referred to as KDR) and stem cell fac-
tor receptor c-Kit (CD117); however, the CPC marker SIRPA was expressed in both sphere
populations (data on additional surface markers are shown in Supplementary Figure 5).
Downregulation of KDR and CD13 is consistent with their being earlier mesodermal mark-
ers [28-30], and the absence of CD117 is consistent with cardiac lineage—-tracing data [31].

CPC patterning mimics features of heart field development

By regulating FGF and BMP signaling, we generated seven putative CPC sphere popula-
tions and isolated them by fluorescence-activated cell sorting (FACS) for gene expression
and differentiation analysis (Figure 3a). Inhibition of both signaling pathways enriched the
NKX2-5-eGFP"PDPN"s" (population 1), whereas exposure to BMP4 alone (with FGF sig-
naling inhibited) or BMP4 and bFGF (80 pg/ml or 1 ng/ml) allowed isolation of cells with
different NKX2-5-eGFP and PDPN expression: eGFP"PDPN" (population 2), eGFP"PDPN-
(population 3), eGFP**PDPN* (population 4), eGFP**PDPN" (population 5), eGFP*PDPN*
(population 6) and eGFP"PDPN™ (population 7) (Figure 3a,b).

Comparison of these cells with earlier MESP1* mesodermal cells isolated from a MESP1
reporter derivative of the same hESC line28 showed much lower expression of MESP1 in
all sphere populations (Figure 3c). NKX2-5 and PDPN expression confirmed expectations
based on eGFP levels and sorting and antibody fidelity. The genes ISL1, MEF2C, SMARCD3
and TBX5, encoding cardiac transcriptional regulators, were all upregulated compared to
their expression in the MESP1* cells and were expressed in the NKX2-5-eGFP-PDPNPMsh
population before BMP exposure. Whereas expression of the SAN-regulatory genes TBX3
and SHOX2 was lower in spheres, TBX18 was induced, most notably in the NKX2-5-eGFP~
PDPN' populations. Notably, HCN4, which in vivo in the mouse marks early differentiat-
ing FHF CPCs that give rise to primitive left ventricular progenitors [14,16], was induced
by BMP4 exposure in this system and remained low in the NKX2-5-eGFP-PDPN"e" pop-
ulation. These data raise the testable hypothesis that BMP signaling, together with FGF,
controls the transition from a multipotent CPC (SHF-like) to a ventricular-specified pro-
genitor (FHEF-like). Microarray analysis of five of the populations revealed a large number
of genes differentially regulated by BMP4 or bFGF and BMP4, and very close clustering of
the subsets positive or negative for PDPN (Supplementary Figure 6 and Supplementary
Data Set 1).

To induce differentiation, we removed dox to turn off MYC transgene expression and plat-
ed cells in defined endothelial- or cardiomyocyte-promoting conditions. Endothelial induc-
tion was based on vascular endothelial growth factor (VEGF) and SB (to block the TGF-f3
activity from the substrate) [32], with a low concentration of bFGF to preserve viability.
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Figure 3- Characterization of sphere heterogeneity and differentiation potential. A. Schematic showing
seven sphere identities and the signalling configuration used to enrich for each. Beneath each are FACS
plots showing population purity after sorting by the above markers. B. Individual spheres labelled
live with an anti-PDN-PE antibody demonstrating the range of clonal identities. C. Gene expression
analysis for the sorted sphere populations compared to earlier MESP1+ mesodermal progenitors (n=4).
D. FACS measurements after differentiation of sorted populations towards endothelial cells. The upper
and lower panel of each population are the same cells showing different channels. E. Mean percentage
of endothelial cells on differentiation with or without DMHI1 (n=3). F. Immunostaining showing typical
CD31+/VE-cadherin+ endothelial cells derived from ‘Population 1. G. Live cell images of brightfield
and eGFP after differentiation of sorted populations towards cardiomyocytes. All fields contained sub-
stantial areas of contraction. Corresponding to the areas in Supplementary video 2. H. FACS meas-
urement of Population 1 and 7 for PDN and eGFP, after differentiation towards cardiomyocytes. I.
Immunofluorescence for Troponin I after cardiomyocyte differentiation of sorted populations. J. High-
er magnification of Population 7 to highlight the sarcomeric organization. K. Average contraction fre-
quency of beating areas measured 10 days after differentiation (n=3). L. Mean percentage of Troponin
I' cells (n=3). Error bars signify SEM. *P<0.05 One-way ANOVA with Bonferroni’s correction.

Cardiomyocyte induction involved transient FGF and BMP signaling [33,34], with Wnt sig-
naling inhibited [35] and exposure to TGF-{3 between 24 and 72 h to promote full differen-
tiation [36]. A minimal change in bFGF concentration from the specific growth medium to
the initial cardiomyocyte induction medium (i.e., in the first 24 h after dox removal) gave
optimal viability and differentiation. IGF-1 and hedgehog signaling have additional roles
in cardiac differentiation and so were kept active. The NKX2-5-eGFP-PDPN"" population
gave rise to VE-cadherin® (VE-cad") CD31" endothelial cells with the highest efficiency (46 +
9%, s.e.m.), whereas eGFP"* cells were much more restricted (Figure 3d—f). The presence of
the BMP inhibitor DMH1 throughout differentiation improved endothelial differentiation
efficiency in every population. In cardiomyocyte-promoting conditions, all populations
differentiated with very high efficiency to spontaneously contracting cells. NKX2-5-eGFP
expression status was largely maintained on differentiation, with NKX2-5-eGFP~ CPCs un-
expectedly giving rise primarily to NKX2-5-eGFP- cardiomyocytes (Figure 3g-i and Sup-
plementary Video 2). The bFGF and BMP4 present in this window of differentiation as
cardiomyocyte-inducing factors were apparently insufficient to induce substantial stable
NKX2-5-eGFP expression in these populations. A time-course experiment during differ-
entiation of these CPCs showed that eGFP induction was low (detected in <10% of cells)
and mostly transient during this exposure period (Supplementary Figure 7), contrasting
with the higher sensitivity of proliferating CPCs. On differentiation of populations 6 and
7, NKX2-5-eGFP expression was maintained and became stable and independent of bFGF
and BMP4. Apart from derivatives of population 3, all cultures were >80% troponin I+
(Figure 3l). Sarcomeric organization was evident in cardiomyocytes from all populations
but was particularly striking in cardiomyocytes from populations 6 and 7 (Figure 3j and
Supplementary Figure 8). Contraction frequency was much higher in the cardiomyocyte
monolayers from CPC population 1 (Figure 3k). Contractility of these cells also seemed to
have more limited dynamic range, contrasting with the lower frequency and more highly
dynamic contractility of the NKX2-5-eGFP* cultures.

Together with the observation of greater potential for endothelial differentiation, these data
suggested that the ISL1-expressing NKX2-5- eGFP-PDPNhigh CPCs might resemble prim-
itive SHF-like CPCs and, consequently, be competent for SAN lineage specification.
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CPC differentiation to pacemaker and ventricular myocytes

To better characterize the two most divergent populations, we compared gene expression
after cardiomyocyte differentiation of NKX2-5-eGFP"PDPN"" and NKX2-5-eGFP*PDPN-
CPCs, with standard hESC-derived cardiomyocytes from the parental line used as a refer-
ence (Supplementary Table 1). Sarcomere-related transcripts from TNNT2 and MYL7 were
induced equally in both populations, consistently with a general cardiomyocyte identity
(Figure 4a). Equal a-actinin protein expression was also observed (Figure 4b and Supple-
mentary Figure 9). By contrast, the ventricular marker MYL2 (encoding MLC2V) was 40-
fold higher in the NKX2-5-eGFP"PDPN" than in the NKX2-5-eGFP"PDPN* cardiomyocytes
(P < 0.05), and SCN5A, encoding cardiac sodium channel, was also significantly higher
in the same population (P < 0.05). The difference in MLC2V expression was confirmed
by immunostaining (Supplementary Figure 10). Expression of the genes TBX5, MEF2C,
GATA4, SMARCD3, HAND1, HAND2 and MYOCD, encoding cardiac transcriptional reg-
ulators, was increased similarly in each lineage and these genes were also expressed at
similar levels in the reference cardiomyocytes. However, consistently with the premise that
the NKX2-5-eGFP-PDPNhigh CPCs tend toward a SAN fate under these conditions, this
lineage showed much higher induction of TBX3 and SHOX2 (11-fold and 289-fold, respec-
tively) (P <0.05), TBX18 (3.6-fold) and HCN4, the dominant HCN transcript underlying the
hyperpolarization-activated current (If) in SAN [37] (4.3-fold). Despite these differences,
which suggest regional specification, the chamber myocardial marker NPPA was induced
on differentiation of both populations, and CX40 and CX43, which encode gap junction pro-
teins, were equally expressed. Whether a functional pacemaker phenotype would develop
despite seemingly inappropriate expression of such genes requires further validation.

Contracting monolayers of NKX2-5-eGFP'PDPN- and NKX2-5-eGFP PDPN" cardiomyo-
cytes were dissociated to single cells on micropatterned polyacrylamide gels for electro-
physiological and contraction stress measurement (Figure 4c,d). Spontaneously active and
virtually quiescent single cells were subsequently observed in both groups. After electro-
physiological analysis, the quiescent cells could be subdivided into those with a depolar-
ized (higher than -50 mV) maximal diastolic potential (MDP) (Figure 4e) or an MDP of
approximately =75 mV (Figure 4f). Action potentials (APs) could be elicited by suprath-
reshold current pulses through the patch pipette in the latter group (Figure 4f) but not in
those that were depolarized. Quiescent cells with an MDP of around -75 mV were observed
only in the NKX2-5-eGFP'PDPN" group. Figure 4g shows typical examples of spontaneous
APs of NKX2-5-eGFP"PDPN- and NKX2-5-eGFP-PDPN+ cells (average AP parameters are
summarized in Table 1). AP parameters were notably different between the spontaneous-
ly active cells of each group. NKX2-5-eGFPPDPN" cells had a higher MDP and a faster
diastolic depolarization rate (DDR), which resulted in pacemaker activity with a shorter
intrinsic cycle length (CL). Their maximal AP upstroke velocity (dV/dtmax) was also lower.
In both cell types APs overshot the zero potential value, but the AP amplitude (APA) was
lower in NKX2-5-eGFPPDPN" cells. APs of NKX2-5-eGFPPDPN" cells repolarized earlier
and faster, resulting in shorter AP duration at 20%, 50% and 90% repolarization (APD20,
APD50 and APD90, respectively). Of note, the stimulated (previously quiescent) NKX2-5-
eGFP'PDPN" cells had a more polarized MDP and higher APA and dV/dtmax than did the
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Figure 4- “Working” ventricular-like and pacemaker-like cardiomyocyte functions recapitulated. A.
Gene expression analysis, grouped into three gene categories, showing 3 stages of cardiac differentia-
tion: MESP1* mesodermal progenitors, NKX2-5e GFP/PDN"* or NKX2-5eGFP'/PDN- CPCs, and the car-
diomyocytes derived from differentiation of each CPC population. The expression of normal/control
hESC-derived cardiomyocytes (hESC-CM) is shown for reference. B. Contraction frequency measured
over time from the induction of cardiomyocyte differentiation (n=2). C. Brightfield and eGFP images
of typical aligned cells on micropatterned soft polyacrylamide, following dissociation of high density
cultures. Contracting cells are indicated with arrows. Left panel: Electrophysiological measurement. D.
Typical recordings of quiescent cells with a depolarized (>-50 mV) MDP. E. Representative example of
a quiescent NKX2-5e GFP+/PDN- cell with a MDP of around -75 mV without and with suprathreshold
stimulation. F. Typical examples of spontaneously active NKX2-5e GFP*/PDN- and NKX2-5eGFP-/PDN*
cells. G. Typical If recordings in response to hyperpolarizing voltage steps from -40 to -130 mV (top
panel) and average current-voltage relationships of If (bottom panel). H. Representative examples of
action potentials in the absence (ctrl) and presence (after 5 mins) of 2 mM CsCl. Right panel: Contrac-
tion stress measurement. I. Representative contracting cell and conversion to vector displacement val-
ues. J. Single cell surface area values. K. Single cell contraction stress values. L. Single cell contraction
frequency values. M. Single cell contraction stress values plotted against frequency. Error bars signify
SEM. P<0.05 Student’s t-test. n.s. = not significant.

spontaneously active ones (Table 1).

If is an important characteristic of pacemaker cells, including those of humans [37]. In
NKX2-5-eGFP"PDPN" cells, If density was ~100% higher than in NKX2-5-eGFP'PDPN-
cells (P < 0.05) (Figure 4h). In 6 out of the 9 NKX2-5-eGFP"PDPN" cells and in 7 out of
the 15 NKX2-5-eGFP'PDPN-" cells measured under current clamp conditions (Table 1), we
assessed the contribution of If to pacemaker activity. If block by CsCl induced a reduction
of DDR, as expected, and prolongation of the CL (Figure 4i). The DDR was reduced by an
average of 43 + 7% and 16 + 7% (s.e.m.), whereas the CL was prolonged by 36 + 6% and 14
* 7% in NKX2-5-eGFP PDPN* and NKX2-5-eGFP'PDPN" cells, respectively. The more pro-
nounced decrease in DDR and prolongation of CL in NKX2-5-eGFP PDPN" cells is proba-
bly due to the higher If and HCN4 density in these cells.

Another difference between pacemaker and working myocardial cells is in their contrac-
tile force. We measured this using traction force microscopy (Figure 4j). Although sponta-
neously active NKX2-5-eGFPPDPN* and NKX2-5-eGFP"PDPN" cardiomyocytes were of
similar size (Figure 4k), the mean contraction stress was much lower in the NKX2-5-eGFP~
cardiomyocytes (P < 0.05) (Figure 41 and Supplementary Video 3). The lower contraction
stress in the NKX2-5-eGFP- cardiomyocytes was not due to their higher beating frequency
(Figure 4m, P < 0.05), as shown by the frequency-contraction stress relationships (Figure
4n). The absence of a positive force-frequency relationship in either population is consistent
with previous measurements in PSC-derived cardiomyocytes, which display a fetal level of

0

maturity [38].

CPCs are clonogenic and possess long-term multipotency

We next tested how frequently clonal lineages of expanded NKX2-5-eGFP PDPN" cells re-
tain the capacity to become NKX2-5-eGFP" as well as self-renew, and whether heterogene-
ity in differentiation potential existed across this population. Clonal NKX2-5-eGFP"PDPN"
spheres were dissociated into DSIS with SU5402 and DMHI (self-renewal condition) or
DSIS with 1 ng/ml bFGF and BMP4 (NKX2-5 inducing condition). After 6 d, eGFP was
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Table 1. Action potential parameters of single NKX2-5°""*/PDN- and NKX2-5°6""/PDN* cells.

NKX2-5¢CF"*/PDN- cells NKX2-5¢¢FP-/PDN*
cells
Stimulated at 1 Hz Spontaneous Spontaneous
(n=6) (n=15) (n=9)
MDP (mV) _78.7+1.47 —74.4+0.7 —68.9+1.9*
dV/dtmax (V/s) 44.7i10.6T 16.0+2.7 6.7+1.3*
APA (mV) 105i3T 97+2 84+4%
APDy (ms) 123+16 119+16.9 79+9%
APDso (ms) 179+18 178+12 124+11*
APDy (ms) 207+18 217+13 172+12%*
Cycle length (ms) - 1330+155 642+108*
DDRigo (mV/s) - 21.6+2.4 37.3£6.2*

Data are mean+SEM; n=number of cells, MDP=maximal diastolic potential, DDR100=diastolic depolari-
zation rate over the 100-ms time interval starting at MDP+1 mV, dV/dtmax=maximal upstroke velocity,
APA=action potential amplitude, APD20, APD50, and APD90=action potential duration at 20, 50, and
90% repolarization, respectively. + p<0.05 stimulated vs spontaneously active NKX2-5'/PDN" cells. *
p<0.05 spontaneously active NKX2-5e GFP+/PDN- vs spontaneously active NKX2-5e GFP/PDN* cells.

induced in >95% of cells from clones expanded in bFGF and BMP4 and in none of those
maintained in the inhibitors, where the NKX2-5-eGFP PDPN* status was largely preserved
(Supplementary Figure 11). Endothelial differentiation capacity remained stronger in
NKX2-5-eGFP"PDPN" spheres, whereas both populations could generate a high percent-
age of cardiomyocytes (median troponin I, 290%). Clone-to-clone variation was relatively
small, indicating that the initial NKX2-5-eGFP"PDPN" sphere population may be uniform.
The self-renewal of this early SHF-like progenitor population presents an opportunity for
applying patterning with retinoic acid to direct CPC specification toward the atrial lineage.
The expression profile of cardiomyocytes generated from CPCs exposed to 10 nM retinoic
acid prior to differentiation suggested that this response may be present in these cells (Sup-
plementary Figure 12).

To assess the long-term potential of NKX2-5-eGFP'PDPN" spheres and their NKX2-5-
eGFP* derivative spheres, we expanded the cultures over multiple passages (Figure 5a,b).
Cells maintained in DSIS with bFGF and BMP4 had a shorter doubling time that did those
in DSIS with SU5402 and DMH1 (15.3 h versus 18.6 h, respectively). In three separate exper-
iments the lifespan of NKX2-5-eGFP"PDPN" spheres in DSIS with SU5402 and DMH1 was
~50 population doublings, at which point the cells abruptly stopped growing, whereas cells
in DSIS with bFGF and BMP4 grew for >80 doublings without reaching senescence. NKX2-
5-eGFP induction capacity was well preserved in NKX2-5-eGFP'PDPN* CPCs maintained
with SU5402 and DMHI1, with ~80% of cells, on average, capable of full induction beyond
40 doublings (Figure 5¢,d). These cells could also generate >30% endothelial cells beyond 35
doublings, whereas CPCs induced to NKX2-5-eGFP* status were progressively restricted
(Figure 5e), as observed above (Figure 3e). Cardiomyocyte differentiation was >80% effi-
cient up to around 30 doublings in all three populations (Figure 5f), beyond which distinct-
ly striated a-SMA" smooth muscle-like cells (troponin I") became increasingly prevalent,
resulting in more mixed populations (Figure 5g). NKX2-5-eGFP expression was difficult to
maintain uniformly beyond 50 doublings (Supplementary Figure 13).
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Figure 5- Clonal analysis of NKX2-5eGFP-/PDN" spheres shows self-renewal and universal potential for
endothelial and cardiomyocyte differentiation. A. Individual clonal NKX2-5eGFP-/PDN* spheres were
isolated and dissociated for expansion in B. (i) DSIS+SU5402+DMH]1 or (ii) DSIS+1 ng/ml bFGF+BMP4.
Representative images are shown after expansion of one clone. C. (i) eGFP and Podoplanin (PDN)
measurement in each clone after expansion in (i) DSIS+SU5402+DMH]1 or (ii) DSIS+bFGF+BMP4. FACS
plots are shown for 3 clones. D. Representative brightfield images taken 4 days after the start of en-
dothelial or cardiomyocyte differentiation for clone 27, after expansion in (i) DSIS+SU5402+DMHI1 or
(ii) DSIS+bFGF+BMP4. The cell clustering seen in the cardiomyocyte-promoting condition is strongly
associated with a cardiomyocyte fate. E. Percentage of CD31+ endothelial cells derived from each clone
expanded in (i) DSIS+SU5402+DMH]1 or (ii) DSIS+bFGF+BMP4. FACS plots are shown for 3 clones.
F. Percentage of Troponin I+ cells from each clone after expansion in (i) DSIS+SU5402+DMH]1 or (ii)
DSIS+bFGF+BMP4. Immunofluorescence images of two clones are shown, and were representative.

Spheres induced over one passage with bFGF and BMP4 gave the highest percentage of
cardiomyocytes at higher doubling levels. Beyond 78 doublings, only smooth-muscle cells
were generated. The more definitive smooth-muscle marker SM-MHC was also evident in
many of these cells (Figure 5h).

Discussion

Studies in developmental biology have provided the foundation for the understanding and
control of hPSC differentiation. This has led to effective methods for generating cardiac
cell types, but difficulties in maintaining CPCs have hindered specific reconstruction of
some aspects of heart development [5]. In this study we developed a system enabling the
isolation and robust expansion of pure populations of hPSC-derived CPCs. A central fea-
ture of our method is the use of controlled MYC expression to facilitate the maintenance of
CPCs. When expressed in a defined time window, MYC arrested CPCs at a pre-NKX2-5"
multipotent stage and acted as an essential permissive element in their continued expan-
sion through IGF-1 and hedgehog signaling. In mouse development, c-Myc mRNA is clear-
ly detectable in the embryonic heart and decreases markedly in the neonate [39].

Cardiogenesis is regulated by the tight spatial and temporal control of secreted factors at
specific concentrations [40]. Although the early cardiogenic roles of cytokines including
BMP, activin and Wnt have been well characterized in the PSC system [17,35,41], control of
CPC specification has not be as well studied. The expression of FGF and BMP, particularly
by endoderm and ectoderm adjacent to the heart-forming region, is thought to underlie
early NKX2-5 expression [22,24-26]. These tissues may have similar inducing roles on the
later-differentiating SHF progenitor population, with additional signaling sources being
the SHF progenitors themselves and the primary myocardium [7,42]. Here we show that
the developmental roles of FGF and BMP are reenacted in hPSC CPCs, and by modulating
these signaling pathways we were able to recreate the gene expression signatures of early
heart field development (Figure 6) and direct the patterned CPCs toward NKX2-5-eGFP~
PDPN* pacemaker-like myocytes or NKX2-5-eGFP* ventricular-like working myocytes
with appropriate electrophysiological and contractile characteristics. CPC-derived NKX2-
5-eGFP* cardiomyocytes had well-organized sarcomeres and encompassed a population of
highly polarized quiescent cells excitable by stimulation— the signature of mature working
myocytes. By contrast, the pacemaker-like cells exhibited rapid spontaneous activity owing
to their higher If. Additionally, we found that NKX2-5-eGFP"PDPN* CPCs were uniquely
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Figure 6- Long term expansion and differentiation analysis of CPCs. A. CPC spheres expanded for 37
population doublings (PD) in DSIS+SU5402+DMH1 (eGFP-) or 45 PD in 1 ng/ml bFGF+BMP4 (eGFP+).
Images for each condition are of one dish at different magnifications. B. Growth curves for each culture
condition (n=3 expansions). C. NKX2-5eGFP induction capacity from DSIS+SU5402+DMH1 on expo-
sure to bFGF+BMP4, measured at progressive population doubling levels. D. CPCs expanded to PD
44 in DSIS+SU5402+DMH]1 (red), tested for NKX2-5eGFP-induction capacity by bFGF+BMP4 exposure
(blue). Podoplanin (PDN) is measured on the vertical axis. Each quadrant shows the frequency of each
population coded by colour. E. Percentage of CD31+/VE-cadherin+ endothelial cells, or F. Troponin
I+ cardiomyocytes, generated from each three culture conditions at progressive population doubling
levels. G. Immunofluorescence of a-smooth muscle actin (a-SMA) and Troponin I after cardiomyocyte
differentiation of spheres at the indicated doubling level in the condition shown. Note: eGFP fluores-
cence (in the bFGF+BMP4 conditions) is weak after fixation and does not interfere with interpretation
of filament labelling by the a-SMA antibody. H. Immunofluorescence images of a-SMA and smooth
muscle myosin heavy chain (SM-MHC) after differentiation of spheres at PD 86.

susceptible to differentiation to an endothelial fate despite having undetectable levels of
KDR expression, which is therefore not essential for this capability. This competence might
shed light on the origin of the endocardium [43]. The generation of atrial cardiomyocytes
was not the focus of this study, but we showed that retinoic acid may have a role in direct-
ing this lineage commitment when applied initially to the self-renewing SHF-like NKX2-5-
eGFPPDPN* CPCs, consistently with earlier reports [44,45].

CPCs could be expanded to >40 population doublings while retaining multipotent differ-
entiation capacity, a substantial extension compared with previous reports [11,12,29,30,46—
51]. Although the use of a MYC transgene limits the translational applicability of our ap-
proach, the growth stability achieved creates an opportunity to identify factors enabling
the expansion of either pre-NKX2-5" or NKX2-5" CPCs in the absence of exogenous MYC
(i.e., dox-independent growth) or genes that restrain self-renewal, such as those governing
cell-cycle arrest mechanisms. This tractable system could be used to help identify the genes
conferring CPC potential, and hence the nature of the apparent ‘clock” we have observed,
which we define as the progressive time-dependent shift in differentiation affinity toward
smooth muscle, perhaps in relation to the development of smooth muscle in the heart [52].

We replicated the essential elements of these results in induced hPSCs (Supplementary
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Figure 14 and Supplementary Video 4). Such applications could benefit studies aiming to
model cardiac disease, for example, by isolating and cryopreserving CPCs, which are later
differentiated to the necessary target population. Realizing the potential shown here means
that an expansion of more than 107-fold from the starting CPC population is feasible. In
summary, the identification of MYC as a permissive factor in CPC self-renewal should ena-
ble the use of expandable PSC-derived CPCs for a variety of applications relating to mode-
ling or regenerating the human heart.

Methods

Tet-On-MYC hPSC line generation and maintenance

NKX2-5eGFP/w hESCs generated previously [37], or hiPSCs generated previously
(LQT-hiPSCsN9961 and LQT2-hiPSCsCORR) [41], were maintained on mouse embryon-
ic fibroblasts in DMEM/F12-based medium containing 20% Knockout Serum Replacement
(Invitrogen) and 10 ng/ml bFGF (Miltenyi Biotech). hPSCs were passaged using TrypLE
Select (Invitorgen). A Tet-On-MYC system was introduced into each line by transducing
the hPSCs with two lentiviruses, one carrying a MYC T58A transgene under the control of
a TRE-CMV promoter (Addgene plasmid #19775), and the second carrying the tetracycline
transactivator (Addgene plasmid #19780) [42]. Titres giving transduction efficiencies of ap-
proximately 40% (based on a GFP expressing control lentivirus) were used to avoid multi-
ple viral insertions. Clones were isolated following single cell FACS deposition and selected
for their ability to efficiently upregulate MYC on exposure to doxycycline.

hPSC differentiation

Differentiations were performed in serum-free “BPEL” medium using an embryoid body
(EB) system as previously described [43]. The following growth factors were present for the
first 3 days of differentiation: 30 ng/ml BMP4 (R&D), 25 ng/ml Activin A (Miltenyi Biotech),
30 ng/ml VEGF (Miltenyi Biotech), 40 ng/ml SCF (Miltenyi Biotech) and 1.5 uM CHIR99021
(Axon Medchem). On day 4.75 control wells were refreshed again with plain medium + ve-
hicle, or for MYC induction with medium containing 1 pg/ml doxycycline (Sigma Aldrich)
+ 5 uM SB431542 (Tocris Bioscience). EBs were either maintained in these conditions for
subsequent FACS, RNA or protein analysis, or dissociated on day 6 for progenitor expan-
sion.

CPC culture maintenance and differentiation

CPCs were seeded on a thin layer (14 ul/cm2) of undiluted Matrigel (BD Bioscience) in or-
gan culture dishes (BD Falcon) in BPEL medium containing 5 uM SB431542 with or without
experimental factors: 1 ug/ml doxycycline, 100 ng/ml LONG R3 IGF-1 (hereafter, IGF-1),
1 uM SAG (Millipore), 0.5 uM DMH1 44, 5 uM SU5402, bFGF (Miltenyi Biotech), BMP4
(R&D). Reagents were obtained from Sigma-Aldrich unless stated otherwise. Cultures were
refreshed every 2 days. Growing cell spheres were manually collected after 6 days under a
dissecting microscope, dissociated using TrypLE Select and either plated for differentiation
or replated on fresh Matrigel at a density of 350-1700 cells/cm? depending on the condition.
Long term expansions were carried out at 3% O2 to minimise cellular senescence. For clonal
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analysis, single cell deposition of eGFP/PDN" cells into 96-well plates was performed by
FACS, from EBs at day 6 of differentiation. Clonal spheres were then picked after 6 days for
propagation.

Cardiomyocyte differentiation was induced by plating cells at a density of 105 cells/cm? on
either Matrigel-coated (1:100 dilution) 96-well plates (BD Falcon) in BPEL medium supple-
mented with 100 ng/ml IGF-1, 1 pM SAG, 1 uM XAV 939 (Tocris Bioscience), 100 or 1000 pg/
ml bEGF (for NKX2-5GFP- and NKX2-5GFP* CPCs respectively) and 20ng/ml BMP4. From
24-72 h of differentiation cells were all in the same medium above containing 100 pg/ml
bFGF plus the addition of 2.5 ng/ml TGF{1 (Peprotech). At 72 h the medium was changed
to 100 ng/ml IGF-1, 1 pM XAV 939 and 10 pg/ml bFGF. At 96 h onwards the beating cardi-
omyocytes were maintained in contractility-promoting medium (MJB unpublished data)
containing 100 ng/ml IGF-1, 30 uM 3,3',5-Triiodo-L-thyronine sodium salt (T3) and 1 uM
dexamethasone (all Sigma Aldrich).

Endothelial differentiation was induced by plating cells at a density of 0.6x105 cells/cm? on
Matrigel-coated 96-well plates (BD Falcon) in BPEL medium supplemented with 100 ng/ml
IGF-1, 50 ng/ml VEGF, 50 pg/ml bEGF, 5 uM SB431542 and 0.5 pM DMHI1. Medium was
refreshed at 48 h. At 96 h DMH1 was removed. Cells were analysed by FACS or fixed after
a further 2 days.

Flow cytometry and cell sorting

Staining was performed in PBS containing 1 mM EDTA and 0.5% BSA. The antibodies and
dilutions used were as follows: anti-PDGFRa-BV421 (BD Bioscience cat no. 562799; 1:50),
anti-Podoplanin-PE (eBioscience cat no. 12-9381-41; 1:500), anti-VEGFR2-PE (R&D cat no.
FAB357P; 1:50), anti-VEGFR3-PE (R&D cat no. FAB3492P; 1:50), , anti-VE-cadherin-PE (eBi-
oscience cat no.12-1449-80; 1:150), anti-CD31-APC (eBioscience cat no. 17-0319-42; 1:150),
anti-CD90-PE (BD cat no. 555596; 1:500), anti-CD146-PE (BD cat no. 550315; 1:20), anti-NG2-
PE (R&D cat no. FAB2585P; 1:20), anti-PDGFRp-PE (BD cat no. 558821; 1:20), anti-E-cadher-
in-APC (R&D cat no. FAB18381A; 1:40), anti-TRA-1-60-PE (Miltenyi Biotec cat no. 130-100-
347;1:100), anti-CD73-PE (BD cat no. 550257; 1:20), anti-CD105-PE (Life Technologies cat no.
MHCD10504; 1:20), anti-CD13-BV421 (Biolegend cat no. 301716; 1:50), anti-CKIT-APC (BD
Bioscience cat no. 550412; 1:100), anti-SIRP«a (Biolegend cat no. 323801; 1:500), anti-mouse
IgG PE (Jackson Immuno Research cat no: 115-116-146; 1:200), mouse IgG1 (BD Biosci-
ence cat no. 556650), mouse IgG2a-BV421 (BD Bioscience), mouse IgG1-PE isotype control
(Miltenyi Biotec 130-098-845), mouse IgG2b-APC isotype control (R&D cat no. IC0041A).
Samples were measured with a MACSQuant VYB (Miltenyi Biotech) equipped with a violet

(405nm), blue (488nm) and yellow (561nm) laser.

Immunostaining and microscopy

Cells were fixed with 2% paraformaldehyde and permeabilised with 0.1% Triton X. Block-
ing was achieved with 4% normal goat serum. Primary antibody incubations were over-
night in 4% normal goat serum at 4°C using the following antibodies: anti-troponin I (clone
H170, Santa Cruz; 1:500) together with a-smooth muscle actin (Sigma A2547; 1:300), or
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VE-cadherin (Cell Signalling; 1:200) together with CD31 (DAKO M0823; 1:20). Secondary
antibodies were: Alexa 488 anti-mouse and Alexa 555 anti-rabbit (Invitrogen). GFP fluores-
cence was reduced to background levels after fixation and could be differentiated from the
specific smooth muscle type-a-smooth muscle actin staining.

Quantitative real time PCR

RNA was isolated using a Minelute RNA extraction kit (Qiagen) and cDNA synthesized
using an iScript cDNA synthesis kit (BioRad). Real time PCR was performed on a BioRad
CFX96 machine using IQ SYBR Green (BioRad). Gene expression values were normalized
to the mean expression of the housekeeping genes human acidic ribosomal phosphopro-
tein (hARP), glucuronidase (GUS), and RNF7. RNA from MESP1-expressing sorted cells
was obtained from a derivative knock-in reporter line and used as a reference [23]. The
hESC-cardiomyocyte control RNA was obtained from eGFP+ sorted cells from a standard
monolayer differentiation of the NKX2-5¢¢F" hESC line .

Primer sequences were as follows:

Gene Forward primer Reverse primer
hARP CACCATTGAAATCCTGAGTGATGT | TGACCAGCCCAAAGGAGAAG
GUS CCACCTAGAATCTGCTGGCTAC GTGCCCGTAGTCGTGATACCAA
MYC (endogenous only) AGAAATGTCCTGAGCAATCACC AAGGTTGTGAGGTTGCATTTGA
MYC (total) ACGCACCGAATAGTTACGG CCAGGTCCACGGGCAGA
MESP1 CTCTGTTGGAGACCTGGATG CCTGCTTGCCTCAAAGTG
PDPN AGTGTCATCTTCTGGCTGGC AGCAACAACTCAACGGGAAC
NKX2-5 TCTATCCACGTGCCTACAGC GTTGTCCGCCTCTGTCTTCT
ISL1 TGATGAAGCAACTCCAGCAG GGACTGGCTACCATGCTGTT
MEF2C CCACTGGCTCACCCTTCTCTGC ACCCGTTCCCTGCACTAGTG
BAF60C GCGCGCAAAGCCACGAAA ATCCGGGCTCCAGACGGCATC
GATA4 GACAATCTGGTTAGGGGAAGC GAGAGATGCAGTGTGCTCGT
TBXS TACCACCACACCCATCAAC ACACCAAGACAGGGACAGAC
FGF8 TACATCTGCATGAACAAGAAGGG | TTCTCCAGCACAATCTCCGT
HANDI1 TGAACTCAAGAAGGCGGATG AATCCTCTTCTCGACTGGGC
HAND?2 ACATCGCCTACCTCATGGAC TGGTTTTCTTGTCGTTGCTG
TBX3 AAAGGAGAATGGGACCTCTG CGCTGGGACATAAATCTTTGAG
TBX18 TTGCTAAAGGCTTCCGAGAC AGGTGGAGGAACTTGCATTG
SHOX2 AATCAAGCAGAGGCGAAGTC TCTCGTCAAAAAGCCTCTCC
MYOCD CAACACCGATTCAGCTACCT TTCAGAGACCTTCAGATCCAG
MYL2/MLC2V TACGTTCGGGAAATGCTGAC TTCTCCGTGGGTGATGATG
MYL7/MLC2A CTTGTAGTCGATGTTCCCCG TCAAGCAGCTTCTCCTGACC
TNNT2 TTCGACCTGCAGGAGAAGTT GCGGGTCTTGGAGACTTTCT
ACTN2 CTGCTGCTTTGGTGTCAGAG TTCCTATGGGGTCATCCTTG
MYBPC3 GGCATGCTAAAGAGGCTCAA TCTTGTGGCCTTTGCTCAC

Western blot

Samples were lysed with ice cold ELB (50mM HEPES pH 7.0; 250mM NaCl; 5mM EDTA;
0.1% NP-40) or RIPA (25mM Tris-HCI pH 7.6; 150mM NaCl; 1% Triton X100; 0.1% SDS;
1% Sodium Deoxycholate) with 1:100 Protease Inhibitor Cocktail (Sigma-Aldrich) for 30
mins on ice. The samples were centrifuged at 7000g for 10 mins and the supernatant was
quantified for protein content (Bradford dye-binding method). 30ug of each sample was
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run in a 10% polyacrylamide gel together with the protein ladder (Precision Plus Protein
dual colour — Bio-Rad). The protein was transferred to an Amersham Hybond membrane
(GE Heathcare- Life Sciences) overnight. The membrane was blocked with blocking buffer
(2% milk in PBS) and probed with a Rabbit IgG anti-cMYC 1:1000 (Cell Signaling 5605S)
detected with a Goat anti-Rabbit IgG — HRP (Cell Signaling 7074s).

Patterned Polyacrylamide gel fabrication

Patterned polyacrylamide gels were prepared as previously described [45]. Briefly, a 1%
gelatin solution was activated with 3.5mg/mL Sodium Periodate (both Sigma-Aldrich). A
polydimethylsiloxane (PDMS) stamp was casted from a SU8 master produced by standard
soft lithography techniques and incubated with the activated 1% gelatin solution for 45
mins. The excess of gelatin was removed with a nitrogen gun and the stamp was used to
pcontact-print a pattern of 20um thick with 20pum spacing gelatin lines onto 10mm (elec-
trophysiology) or 15mm (contraction assay) coverslips. The polyacrylamide solution was
prepared with a final concentration of 0.1% bis-acrylamide (Bio-Rad), 5% acrylamide (Bio-
Rad) and 10mM HEPES pH 8.5 in distilled water, followed by centrifugation for 1 min at
10.000RPM for degassing. 0.006% (m/v) of ammonium persulfate (Sigma-Aldrich) and a
1:1000 dilution of 0.2-um fluorescent beads (Ex/Em: 660/680nm - Molecular Probes) were
added to the solution (for the contraction assay) and briefly vortexed. The gel polymeriza-
tion was initiated with TEMED (Bio-Rad) and 4.0811/9.2ul of the final solution was added
to a 15mm/25mm coverslip treated with plus Bind-Silane solution (GE Healthcare). The
ucontact-printed coverslip was applied on top of the drop with the gelatin lines facing the
gel. After 20mins of polymerization the 10mm/15mm coverslip was removed. Each 25mm
coverslip was mounted onto a well of a glassbottom 6-well plate (Mattek), replacing the
initial glass. The 15mm coverslips were used directly. Plates were UV-sterilized and re-hy-
drated with culture medium for 30 mins before use. The polymerized gel has a Young's
modulus of 5.8 kPa [46].

Contraction force measurements

The contraction force measurements were performed as previously described [47]. Brief-
ly, using a Leica AF-6000LX microscope with controlled temperature and CO2, 40x image
series of brightfield and fluorescent beads were taken at 20 frames per second of aligned
single self-pacing cardiomyocytes. Single frames from maximal relaxation and contraction
of the brightfield and fluorescent beads image series were analyzed by the LIBTRC software
package (kindly provided by Dr. Micah Dembo), creating a mask of the cell outline from the
brightfield image and a vector map from the difference between the relaxed and contracted
fluorescent beads images. The vector map and the cell mask were used to calculate the total
force that the cell applies on the substrate at its maximum peak of contraction. The contrac-
tion stress generated by the cardiomyocyte during contraction was calculated by dividing
the total force by the cell surface area.

Cellular electrophysiology
Recording procedures. Action potentials and the hyperpolarization-activated current, If,
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were recorded in single cells by the amphotericin-perforated patch-clamp technique using
an Axopatch 200B amplifier (Molecular Devices, USA) 5-7 days after dissociation on day 11
of differentiation. Coverslips containing the cells were put in a recording chamber on the
stage of an inverted microscope and superfused with Tyrode’s solution (36:0.2°C) contain-
ing (in mM): NaCl 140, KCI 5.4, CaCl2 1.8, MgClI2 1.0, glucose 5.5, and HEPES 5.0; pH 7.4
(NaOH). Patch pipettes (borosilicate glass, 2-3 MQ) were filled with solution containing (in
mM): K-gluc 120, KCI 20, NaCl 5, amphotericin-B 0.44, HEPES 10, pH 7.2 (KOH). Series re-
sistance was compensated by >80%, and potentials were corrected for the calculated liquid
junction potential. Action potentials were low-pass filtered (cut-off frequency: 2 kHz) and
digitized at 10 kHz, while If was filtered and digitized at 1 kHz and 4 kHz, respectively.
Voltage control, data acquisition and analysis were accomplished using custom software.
Cell membrane capacitance (Cm) was estimated by dividing the time constant of the decay
of the capacitive transient in response to 5 mV hyperpolarizing voltage clamp steps from
-40 mV by the series resistance.

Action potentials measurements. In both cell groups we observed spontaneously active as
well as virtually quiescent single cells. We recorded spontaneous action potentials or action
potentials were elicited at 1 Hz by 3-ms, #1.2Q) threshold current pulses through the patch
pipette. Action potentials were characterized by duration at 20, 50, and 90% repolarization
(APD20, APD50, and APD90, respectively), maximum diastolic potential (MDP), action po-
tential amplitude (APA), maximum upstroke velocity (dV/dtmax), and, in case of sponta-
neously active cells, cycle length (CL) and diastolic depolarization rate measured over the
100-ms time interval starting at MDP+1 mV (DDR100). Parameter values obtained from 10
consecutive action potentials were averaged.

If measurements. If was activated upon 2-s hyperpolarizing pulses from a holding potential
of —40 mV. If amplitude was calculated as the difference between the current at the begin-
ning and end of the voltage step. Current densities were calculated by dividing current

amplitudes by Cm.

Statistical analyses

Data are mean+SEM. Groups of HF SAN cells were compared with groups of CTRL SAN
cells using Fisher’s exact test, Two-Way Repeated Measures ANOVA followed by pairwise
comparison using the Student-Newman-Keuls test, and unpaired t-test. Paired t-tests were
used to compare drug effects within a group. An F-test was used to compare frequency

dependency between groups. P<0.05 is considered statistically significant
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Chapter 8

General discussion and future perspectives
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Summary

This thesis described how the symbiosis between biochemistry, biomaterials and stem cell
technologies (Chapter 2) can be used to determine maturation and disease states of human
pluripotent stem cell derived cardiomyocytes (hPSC-CM) (Chapter 3). The functional im-
provement inherent from this process enabled the revelation of a contractile defect caused
by a MYBPC3 mutation in hiPSC-CM derived from patients with the disorder(Chapter 4).
In order to further investigate how this can be attributed to this MYBPC3 mutation in hu-
man cardiomyocytes, several genetic tools were developed (Chapter 5) to mimic and an-
alyse the underlying mechanisms (Chapter 6). The thesis ends with the development of a
novel tool to expand cardiac progenitors and study their differentiation into the different
cell types (Chapter 7).

Discussion

The use of human pluripotent stem cells (hPSC) to generate different organ-specific cell
types creates enormous possibilities for developing disease modelling platforms, tissue en-
gineering and drug toxicity studies. A major advantage of using hPSC is that functional
human cell-types or tissue can in principle be generated with higher predictivity for disease
modelling and drug responses when compared to non-human cell lines or animal models
[1]. In the heart for example, human cardiomyocytes exhibit electrophysiological signals,
which are very distinct from those, for example, in mice. Differences in the contribution
of ion channels at different phases during the contraction-relaxation cycle are indicated
by their differences in shape and duration of their respective action potentials (APs) and
electrocardiogram (ECG) [2]. Mice have a tenfold faster beating rate and a much shorter AP,
lacking a distinct plateau phase and have a shorter QT interval (100ms) when compared to
that of the human heart (400ms). Variations in cardiac electrophysiological profiles between
species translate into differences in susceptibility to drug-induced cardiotoxicity, caused by
interference with ion channels and their respective ion currents, which has been identified
as one of the major reason for drugs failing clinical trials[3]. Furthermore, these limitations
not only affect drug toxicity assessment, but also the study of human cardiac diseases in
which ion channel functions are impaired (i.e. channelopathies such as long-QT syndrome),
which may be difficult to analyse in experimental animal models. Moreover, interspecies
variations regarding other aspects of cardiac function complicate establishing reliable and
predictable animal models of cardiac disease. For example, mice with only one copy of sar-
comeric myosin binding protein ¢ 3 (MYBPC3) do not develop cardiac hypertrophy whilst
anon-sense mutation in one allele of MYBPC3, causing a decrease in the protein in humans,
ultimately leads to hypertrophic cardiomyopathy and heart failure [4,5]. Additionally, de-
spite specific human cardiac diseases being linked to coding/non-coding DNA variants
through genome-wide association studies, the exact role of these gene variants have been
difficult to assess due to absence of clear orthologs in mice or in other species [6].

Another advantage of hPSC technology is the ability to derive stem cells from any individu-
al, enabling their generation from patients with specific genetic mutations and/or a disease
phenotype (Chapter 4) [7,8]. The use of optimized and defined protocols for the production
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of specialized functional cell-types, including those of the heart, enables in vitro modeling
of patient diseases, making it feasible to study any associations between phenotype(s) ob-
served in vitro and clinic symptoms. Additionally, the mechanism of disease can be further
explored by the use of genome editing techniques such as Zinc finger nucleases (ZFNs),
Transcription Activator-Like Effector Nucleases (TALENSs) or the CRISPR/Cas system9.
These techniques enable the correction of the disease causing mutation in order to create
isogenic control cell lines or vice versa, introducing mutations in healthy control cell lines
to directly analyse the functional and phenotypic consequencesl10.

To analyse the diverse aspects of the hiPSC-derived cardiomyocyte (hiPSC-CM) phenotype
several technologies are widely used. Electrical activity, responsible for cardiomyocyte ex-
citation, is often measured by single cell patch clamp, multi-electrode array (MEA) and
most recently by optical mapping with the use of voltage sensitive dyes [11]. The electrical
excitation induces the fast release of calcium from the sarcoplasmic reticulum, promoting
force generation by the contractile machinery. Calcium transients can be measured using
calcium sensitive dyes[12]. In the heart the contractile force production of each cardiomy-
ocyte exerts the work necessary to pump the blood out of the cardiac ventricles into the
circulation system. Methods available to measure contraction force in vitro vary from the
use of force transducers for cardiac tissue strips measurements [13], micro-pillars [14] to
beads embedded on acrylamide gels for single cardiomyocytes measurements (Chapter
3). Although, each measurement provides valuable information on each particular cardiac
parameter, it would be of greater interest if multiple parameters could be determined si-
multaneously in a multiplexed system, comparable to the complex cardiomyocyte function
in vivo. Such integration of simultaneous measurements in a single cell or tissue will enable
the assessment of the interdependence and inter-regulation of the different cardiac parame-
ters in each single beat. For example, assessing how does one slower/arrhythmic action po-
tential influence the calcium transients and contraction force or does a defective contraction
affect the next action potential and/or calcium transients? This information allows a deeper
look onto the mechanisms through which channelopathies affect heart function or cardio-
myopathies cause arrhythmias. Additionally, such analysis can be used as a sensitive and
highly informative assay for drug cardiotoxicity screening. Chapter 3 describes a platform
that allows the assessment of the relation between different electrophysiological parame-
ters and contractile forces, whereas in Chapter 6 this platform is optimized for measuring
calcium kinetics, sarcomere dynamics and contraction force in the same cardiomyocyte.
Recently different platforms have been developed to simultaneously measure electrophys-
iology together with calcium transients [15,16] or calcium transients with contraction force
[17]. Nevertheless, further development is needed to integrate more simultaneous measure-
ments in a single cell or tissue. With the use of a polyacrylamide-based platform it is theo-
retically possible to measure five parameters in a single cardiomyocyte employing optical
reporters as voltage sensitive dyes for electrophysiology, calcium indicator dye for calcium
handling, the a-actinin-mCherry for the sarcomere dynamics and the fluorescent beads for
contraction force, followed by single cell Q-PCR for gene expression analysis. This platform
would create added value for understanding the interconnected mechanisms during devel-
opment, disease or for drug-induced toxicity studies.
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Despite the great potential of human stem cell-derived cardiomyocytes there are several
hurdles that need to be overcome. One major issue is the immature or fetal-like phenotype
of hPSC-CMs (Chapter 3). Micro-environmental aspects present in vivo, such as blood flow,
cell-cell interactions, dynamic fluctuations of blood components, stretch, electrical fields,
geometry of cells, softness of tissue, etc. are absent or suboptimal in cell-based in vitro as-
says; these are likely to affect differentiation and function of cells. It is therefore important
to mimic the in vivo situation as closely as possible. Temporal and spatially-dependent
activation of specific signalling pathways responsible for cell differentiation during devel-
opment have been mimicked in vitro to successfully differentiate stem cells into different
cardiomyocyte subtypes (Chapter 7). Nevertheless, these pathways are just few threads in
the network of development signalling. Such incomplete input impairs the differentiation
process, restraining cells from reaching an adult phenotype. In order to mimic more aspects
of in vivo development, in Chapter 2 we studied the use of biocompatible polymers with
different stiffness (including conditions that mimic the stiffness of heart tissue) in com-
bination with micro-contact printing of ECM proteins, enabling controlled geometry and
cell shape. Although morphological and functional improvements towards a more adult
phenotype were observed, the induction of cardiogenic promoting pathways in combina-
tion with soft substrates and controlled cell shape, were not sufficient to promote a fully
mature state. However, we found that addition of T3 hormone in optimized cardiomyocyte
maturation medium resulted in significant molecular, morphological and functional im-
provement of hPSC-CMs, comparable to human fetal primary cardiomyocytes from second
trimester of gestation (Chapter 3). Moreover, in Chapter 4 a fully defined medium con-
taining T3, Insulin-like Growth Factor 1 (IGF1) and a synthetic glucocorticoid Dexameth-
asone (Dex) among other components was described to induce an increase in hPSC-CM
contractile force to a level twice that in 2nd trimester human fetal cardiomyocytes (Chapter
3 and 4). Although these improvements of electrophysiological and contractile properties
are still far from adult cardiomyocytes[18,19], the importance of this advance in maturation
of cardiomyocytes is indicated by the fact that this optimized culture condition allowed us
to detect contractile defects in patient-derived hiPSC-CMs carrying a mutation in MYBPC3,
which were consistent with studies from patients[13].

To further characterize the phenotype of MYBPC3 deficiency in hPSC-CMs, a reporter line
expressing an a-actinin-mCherry fusion protein, incorporated at the Z-disc of sarcomeres
was produced in order to analyze changes in sarcomeric organization and sarcomere dy-
namics (Chapter 5). Congruent with previous observations in mouse models[20], the defi-
ciency of MYBPC3 causes a reduction in the diastolic sarcomere length and a decrease in
shortening and lengthening amplitudes. Moreover, this phenotype was accompanied by a
decrease in ATP usage per contraction cycle. However, the changes in calcium handling or
increase in cardiomyocyte area, characteristic of hypertrophic cardiomyopathy, were not
observed in these cells (Chapter 6). This may be related to the relative immaturity of hP-
SC-CMs in a two dimensional in vitro setting, which contrasts with hypertrophic cardiomy-
opathy that normally emerges at a later stage in life in a three dimensional heart. Although
important advances have been made, culture conditions need to be further improved in
order to mimic physiologically revenant conditions and to ensure the ability to analyze
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disease related phenotypes in vitro. Besides adjustment of culture conditions, generation
of defined cardiac subpopulations need to accomplished. In Chapter 7 we show for the
first time an effective way to arrest cardiac differentiation and expand cardiac progeni-
tors, which could be to further differentiated into endothelial cells, smooth muscle cells,
working myocardium (atrium and ventricular-like NKX2.5 positive cardiomyocytes) and
pacemaker-like cardiomyocytes depending on the downstream signaling events in defined
differentiation protocols. A better understanding of these processes that control cardiac
progenitors cells and direct differentiation to specific cell-types may have a great impact on
further research of cardiac development and tissue engineering, as it allows the production
of different “pieces of the puzzle” for reconstitution of the heart.

Future directions

Integration of Biology and Engineering

Ultimately the best model of a human heart is the organ itself. Although current technology
is not close to such an achievement, small steps have been made towards this direction.
In 1997 the engineered heart tissue (EHT) concept was first introduced using chicken car-
diomyocytes, but it was only until 2011 that hPSC-derived cardiomyocytes were used in
three dimensional (3D) systems[21,22]. The 3D culture format has been shown to induce
improvements in electrophysiology, cell size and orientation, structural organization and
drug response of hPSC-CM][23,24]. Nevertheless, contraction force (0.37+0.29mN/mm2)[17]
and electrophysiology parameters (RMP -49+1.2mV; Upstroke 10.4+1.2V/s)[22] of this 3D
system are still far from the reality of the adult heart (Contraction force 44+11.7 mN/mm?2;
RMP -85mV; Upstroke 270V/s)[18,19], indicating that the 3D structure alone is not enough
to direct hPSC-CM towards the adult stage. Other studies have demonstrated the impor-
tance of the contribution of non-cardiomyocyte populations of cardiac fibroblasts, endothe-
lial and smooth muscle cells on the phenotype of hPSC-CMs in engineered tissues[25-27].
The main cardiac output measured in EHTs is calcium handling and contractile function in
order assess drug responses or disease modeling[22,23,28]. However, in patients, disease
symptoms or adverse drug effects in the heart are assessed through different parameters
such as electrocardiography (ECG), ventricular wall thickness assessment, the ventricular
volume intake, diastolic ventricular function left ventricular ejection fraction and blood
pressure[29,30]. In order to progress towards more clinically relevant readouts it may have
added value if the fluidic pump function of the heart can be mimicked in vitro.

3D Bioprinting

3D printing is a rapid evolving technology with an increasing number of applications. Re-
cently, it was used for generation of biological material using viable cells and supporting
substrates. This so-called 3D bioprinting technology potentially enables reconstruction of
complex tissues by emulating the 3D architectural composition of the tissue of interest us-
ing the right cell types and supporting matrix components[31]. Currently there are differ-
ent types of 3D bioprinters (e.g. Inkjet, Microextrusion and Laser assisted) that have been
shown to generate not only multiple tissue types like skin[32], liver[33] and cartilage[34]
but also diverse biological structures such as branched tumor models[35], vascular trees[36]
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and aortic valves[37]. Despite the promising applicability of this technique in tissue engi-
neering, there are major hurdles related to the materials and scaffolds that are currently
used for 3D bioprinting. Generating complex functional tissues demands materials or scaf-
folds that are biocompatible, printable and have structural and mechanical properties that
mimic the heart environment, which is very challenging[31].

Decellularized Heart

Another approach to build a 3D heart model is to start from a base structure which will
serve as a fundament and an architectural blueprint for the heart. This can be achieved by
decellularization of heart tissue[38]. This process involves the perfusion of cadaveric hearts
with different types of detergents and/or enzymes that degrade and remove the intercellular
content of the cells constituting the tissue, leaving the ECM structure intact for subsequent
recellularization. The advantages of this approach are that the intact skeleton of the heart is
being used to guide the assembly of the new cellular population, avoiding the hurdle of de-
signing and building the correct heart structures and the use of complex synthetic scaffolds,
together with non-inducing immunologic response of the native ECM structure on the new
host in case of future transplantation application[38,39]. Nevertheless, the challenges of this
approach are the poor delivery and low retention of repopulating cells together insufficient
understanding how to produce and organize the different types and sub-types of cells in or-
der to form a well-integrated functional multicellular heart tissue[40]. Some attempts have
successfully been made on a smaller scale by repopulating decellularized mouse hearts
with hiPSC-CM, which contracted and responded to adrenergic stimuli[40]. Perhaps in a
short term basis the recellularization of single cavities of rodent hearts with hiPSC-CM can
become a novel effective tool for drug development and toxicity studies.

Although at the long term any of these approaches may have the potential to successfully
mimic the function of a pumping heart in vitro, most likely combinations of the above men-
tioned technologies could lead to formation of 3D functional heart model resembling the
human heart in vivo, which will provide us more detailed information about drug respons-
es and disease mechanisms. In the near future the hPSC-derived cardiac models will rise to
a better and more predictive platform for drug discovery and development.
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Summary

This thesis describes research about cells from the human heart. To provide some context
to this research lets explain some basics of biology. All living beings are organisms. All
living beings are built from cells, as the cell is the smallest living element containing all the
information and function capable of creating a more complex organism such as the human
being. The information inside each cell is stored in the DNA as code (sequence). All cells
of each unique individual contain exactly the same DNA sequence. Consequently, what
distinguishes a skin cell from a gut cell or a stem cell is its function. Taking into considera-
tion this concept a group of scientist from a Japanese university, headed by Dr. Yamanaka,
developed a technique in 2006 that enables the transformation of a skin cell into a stem cell
(functional transformation of the cell). Dr. Yamanaka was given the Nobel Prize of Medicine
in 2012 for this achievement. Currently, our laboratory in the Leiden University Medical
Center is specialized, among other things, in transforming cells of any individual into stem
cells using Dr. Yamanaka’'s method. The stem cell is the mother cell of our entire body, as
this cell gets multiplied and transformed naturally (differentiates) into every single cell in
our body (this process is the reversed of the one mentioned above), giving us life. Making
use of this stem cell’s special ability we, in our laboratory, differentiate the stem cells into
cells of the heart through the use of a specific molecular cocktail. These heart cells are very
much alike the cells present in our hearts as they generate electrical impulses (similar to
the impulses described in the movies when the patient is connected to the machine in the
hospital bed) and contract (heart beat) in the laboratory. However, these heart cells have the
morphology of a thin layer of cells in a bottom of a laboratory dish, which is far from the
shape and composition of an adult heart. The adult heart has very peculiar characteristics
that are still not completely understood by the scientific community and is formed by mil-
lions of cells from various types. The type of cell responsible for the motion of contraction of
the heart is called cardiomyocytes. These cardiomyocytes are generated in the first weeks of
an embryo and further develop during both gestation inside the uterus and after birth until
the individual becomes an adult. In this perspective it can be understood that the matura-
tion state of the cardiomyocytes is dependent of the age of the embryo or individual. For
example, the cardiomyocytes of a 7-month-old child are more developed when compared
with the cardiomyocytes of an embryo of 16-week gestation. On the other hand, these car-
diomyocytes are less mature than the ones from a 20-year-old adult. This difference is a
major research topic and it characterizes the state of the art in this field: currently the cardi-
omyocytes produced in the laboratory have a maturation level identical of an embryo of 15
weeks of gestation, meaning that in our laboratory we produce cardiomyocytes equivalent
to the ones of an fetus, which is quite far from the adult level. Using cell made in laboratory
to study what happens in the human is the same as analyzing the movements of a newborn
to study how an adult walks.

The first chapter is a theoretical introduction of this thesis as it describes the current “state
of the art” in this field of biology.

The second chapter of this thesis focuses in the use of polymers that mimic the environment
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inside the human body. It is commonly known that all tissues of our body are soft with the
exception of bones. Therefore, most cells are in contact with soft tissue. This is not the reality
in the laboratory dish where the cell cultures are maintained in stiff plastic or glass bottom
dishes. We understand that this type of environment is not optimal for the development of
the cardiomyocytes. With the use of some polymers like PDMS and acrylamide we are able
to mimic certain characteristics of the living tissues. In this chapter we describe different
techniques to use these polymers as a base to culture the cells with similar characteristics to
the human body. One of the main characteristics of these polymers is the fact that they are
soft enough to be deformed by cardiomyocytes upon contraction. Through this technique
we are able to measure the force produced by the cardiomyocyte upon its contraction (Con-
traction Force). These techniques of cell culture and contraction force measurement are the
basis for the research in the following chapters.

In the third chapter the state of maturation of the cardiomyocyte made in laboratory is
evaluated. This evaluation is made thought the measurement of contraction force and elec-
trical impulses generated by the cardiomyocytes. This evaluation was performed in com-
parison with the in vivo human heart. We compared these parameters between cardiomyo-
cytes made in the laboratory and cardiomyocytes isolated from embryos between 15 and 19
weeks of gestation. We observed that the cardiomyocytes made in the laboratory contract
with less force and similar speed of electrical impulses than the cardiomyocytes from em-
bryos of 15 to 19 weeks of gestation. With the objective of improving the maturation level of
the cardiomyocytes made in the laboratory we made use of commercially available culture
medium, which composition induces the growth and maturation of the cardiomyocytes.
With the help of this new culture medium the cardiomyocytes made in the laboratory in-
creased their contraction force and their speed of electrical impulses to levels above the
cardiomyocytes from embryos. We concluded that it is possible to increase the level of mat-
uration of these cardiomyocyte in vitro (in the lab).

The fourth chapter describes the development of a new alternative culture medium to in-
crease the maturation level of the cardiomyocytes made in the laboratory and its use to
analyze a heart disease. The culture medium has great potential for maturing the cardio-
myocytes all the way to levels close to the adult reality, therefore, we continued to further
develop the medium having this goal in mind. In order to develop this new culture me-
dium we sequentially added three molecules that are known to play a role in the growth
and maintenance of the human body: A thyroid hormone (T3), a growth factor (IGF-1) and
a synthetic glucocorticoid (Dexamethasone). The incremental addition of each molecule
induced an increase in the force of contraction and in the speed of the electrical impulses
generated by the cardiomyocytes made in the laboratory. One of the goals of developing the
technology of producing the human cardiomyocytes in the laboratory is to enable the study
of all heart diseases that affect human beings in the controlled situation of the laboratory.
This technology will open the doors to the development of new medication that can prevent
or cure diseases such as heart failure, fibrillation, hypertrophic cardiomyopathy, etc. At the
moment, the low level of maturation of the cardiomyocytes made in the laboratory and
their monolayer morphology hampers its use to model a large number of heart diseases in
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vitro. Nevertheless, this new culture medium (T3+IGF-1+Dex) enabled the study of a heart
disease named hypertrophic cardiomyopathy (HCM) using stem cells derived transformed
from skin cells of patients with this disease. We further transformed these stem cells into
cardiomyocytes that have the same defect as the patients” heart. Although this defect was
not observable in initial experiments, after culturing the cardiomyocytes in the new me-
dium we observed that the cardiomyocytes of the patients contract with significantly less
force than the ones from the cardiomyocytes derived from stem cells of a normal person.
These results opens the door to study this disease that affects 1 person in each 500, meaning
that it is one of the most common heart diseases affecting humans.

The fifth chapter describes the development of a synthetic protein through genetic manip-
ulation. The sarcomere is considered the “engine” of the heart as it enables the contraction
of cardiomyocytes and consequently the contraction of the heart. This sarcomere is a type
of Lego in which the pieces are proteins capable of moving simultaneously back and forth
inside each cardiomyocyte. The way that his Lego is organized is used by the researchers
as a scale to determine the state of maturation and health of a cardiomyocyte. In another
words, by evaluating the organization of the sarcomeres (the Lego) we can assess the matu-
ration state or disease state of cardiomyocytes. To evaluate the sarcomere organization with
the currently available techniques it is necessary to kill the cells with a fixative. This pro-
cedure precludes the analysis of the sarcomeres while they are forming or moving during
contraction (dynamic analysis). In order to make the dynamic analysis of the sarcomeres
we took one of the proteins that constitutes the sarcomere and made it fluorescent so we
could see the sarcomeres live under the microscope. In this project we used the sarcomeric
protein “a-actinin” and we fused it with a red fluorescent protein. This fluorescent protein
is a synthetic protein capable of emitting red light when its electrons are excited with green
light. The fusion of these two proteins was done through genetic manipulation (cloning).
After cloning, this fusion protein was placed into a virus that infects the cells and forces
them to express the protein that we have created. The consequence of the expression of
this fusion protein is its incorporation into the sarcomeres when the cell is alive. This new
technology allows a dynamic evaluation of the maturation or disease level of the human
cardiomyocytes.

The sixth chapter is the integration of all the previous chapters as it describes the usage of
the technology developed in the chapters 2, 3, 4 and 5 to analyze the heart disease described
in chapter 4. In this study we used the technology of the soft polymers, the contraction
force measurements, the maturation medium and the fluorescent sarcomeres to describe
and study the consequences of a defect in a protein responsible for regulating contraction
(named Myosin Binding Protein C3 or MYBPC3). The results showed that MYBPC3 defi-
ciency induces a reduction in contraction force of the cardiomyocytes and a reduction in
the sarcomere movement during contraction. The technology developed here allows the
analysis of contraction force and the sarcomere movement in the same cell, from which can
be concluded that the contraction force of the cardiomyocytes is correlated with the move-
ment of the sarcomeres. From this its inferred that the contraction force is affected by the
reduction of the sarcomere movement, which in turn is affected by the MYBPC3 deficiency.
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We also show that the MYBPC3 deficiency induces a reduction in energy consumption of
the cardiomyocytes. In conclusion a characterization and evaluation of the cardiomyocytes
with a MYBPC3 deficiency has been performed, creating a model that can be used for the
discovery and development of new drugs that can revert the effects of the MYBPC3 defi-
ciency in humans.

The seventh chapter describes the development of a new biotechnology that allows the ex-
pansion and characterization of cardiac progenitor cells. As mentioned above all cells from
our body are derived from a single embryonic cell. This cell divides itself multiple times
and the resulting cells of each division differentiate into the different organs and tissues.
This differentiation occurs step by step, and at each step the cells become more and more
specialized until they reach their final form/function. This differentiation occurs not only in
living beings but can also be replicated in the laboratory through the differentiation of stem
cells. In order to study and understand the differentiation of stem cells into specific organs
it is necessary to collect the intermediate cells (named progenitor cells) so their biological
characterization can be performed. Until now the only procedure used to obtain progenitor
cells is done through its isolation at a specific time point counting from the start of the dif-
ferentiation. However, the time needed to get to a specific time point of differentiation var-
ies with each differentiation and with the cell line used. In this study we inserted a modified
protein (¢cMYC) into the stem cells that allowed us to stop the differentiation and to expand
the progenitor cells simply by adding a molecule (Doxycycline) to the culture medium. This
molecule activated the cMYC which in turn initiates the propagation of the progenitor cells,
stopping their differentiation. In the first part of this study we performed an optimization
of the progenitor cell expansion using other supplementary molecules. In the second part
of this study we characterized the progenitor cells based on specific markers such as NKX2-
5; Podoplanin and PDGFRa. In the third part we tested the capacity of these progenitors
to differentiate into the different cell types present in the heart such as pace-making cells,
working myocardium, smooth muscle cells and endothelial cells. This progress has great
impact on the scientific community that studies the heart as it allows the research on how
the different cell types of the heart are generated at a molecular level.

The last chapter is a general discussion of the data of all the chapters in this thesis, taking
into consideration the state of the art of this field of research. The chapter ends with my
perspective regarding the future advances in the heart research using human stem cells.
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Resumo

Esta tese desenvolve temas sobre células do coragdo as humano. Para contextualizar este
tema comecemos por explicar alguns conceitos de biologia.

Todos os seres vivos sao organismos. O organismo que compde todos os seres vivos é a
célula, sendo que a célula é o elemento vivo mais pequeno que detém toda a informacao e
funcionalidade capaz de originar um organismo mais complexo como o ser humano. A in-
formagao dentro de cada célula é armazenada no ADN sobre forma de cédigo (sequencia).
Todas as células de um tnico individuo contém exatamente a mesma sequéncia de ADN,
por consequéncia o que distingue uma célula do cérebro de uma célula do intestino é a sua
funcionalidade. Tendo em conta este conceito um grupo de cientistas de uma universidade
no Japao (liderado por Dr. Yamanaka) conseguiu, em 2006, transformar uma célula da pele
numa célula estaminal (transformacao funcional da célula), pelo qual ganhou o prémio
Nobel da Medicina em 2012.

Presentemente, o nosso laboratoério de investigacao, no Leiden University Medical Center,
¢ especializado em transformar células do corpo de qualquer individuo em células estami-
nais usando o método do Dr. Yamanaka. A célula estaminal é a célula mae de todo o nosso
organismo, € esta célula que no feto se multiplica e se transforma naturalmente (diferencia)
em cada célula do nosso corpo (processo inverso ao acima descrito), dando-nos vida. Us-
ando esta capacidade das células estaminais, no nosso laboratério, diferenciamos as células
estaminais em células do coragao (células cardiacas) através de um cocktail especifico de
compostos. Estas células cardiacas sao em muito parecidas as células presentes no nosso
coracdo uma vez que geram impulsos elétricos (iguais aos impulsos descritos nos film-
es quando o paciente esta ligado a maquina na cama de hospital) e contraem (batimento
cardiaco) em laboratdrio. No entanto, o conjunto destas células cardiacas apresenta-se como
uma camada fina de células num prato de laboratdrio, nao sendo suficiente para obter a
forma de um coracdo adulto.

O coragao adulto humano tem uma forma especifica muito complexa que ainda nao é
totalmente compreendida pela comunidade cientifica, sendo constituido por milhdes de
células de varios tipos. O tipo de células cardiacas responsaveis pelo batimento cardiaco
sao chamadas cardiomidcitos. Estes cardiomidcitos nascem nas primeiras semanas de vida
do embriao dentro do ttero que vao crescendo e desenvolvendo durante a gestacdo, con-
tinuando apos o nascimento até o individuo se tornar adulto. Nesta perspectiva entende-se
que o estado de maturagao dos cardiomiocitos € dependente da idade do embrido ou do
individuo. Por exemplo os cardiomidcitos de uma crianca de 7 meses estao mais desenvolv-
idos do que os cardiomidcitos de um embrido uterino de 16 semanas, mas por outro lado
sao mais imaturos quando comparados com os cardiomiocitos de um adulto de 20 anos.

Daqui surge a questao fulcral que indica o estado do avango cientifico:

Presentemente os cardiomiocitos produzidos em laboratério tem um nivel de maturagao
idéntico ao de um embriao uterino com menos de 15 semanas, ou seja em laboratorio pro-
duzimos cardiomiocitos equivalentes a cardiomiocitos dum feto, estando portanto muito
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longe do nivel adulto. Usar estas células feitas em laboratério para estudar o que se passa
no corpo humano é o mesmo que analisar os movimentos de um recém-nascido para es-
tudar como um ser adulto se movimenta, a comparagao € valida mas com uma relevancia
pouco significativa.

O primeiro capitulo é uma introducao teorica a esta tese de doutoramento, pelo que de-
screve dificeis conceitos de biologia e o corrente “estado da arte” deste campo da biologia
humana. Em poucas palavras, ler o primeiro capitulo nao sera tarefa facil para quem nao
esteja familiarizado com a drea, visto estar apresentado de forma técnica.

O segundo capitulo desta tese é focado no uso de polimeros que simulam o ambiente
dentro do corpo humano. E de conhecimento geral que todos os tecidos do nosso corpo
sdo moles com a excepgao dos ossos, portanto as células estao em contacto com um tecido
mole. Esta nao ¢ a realidade no prato de laboratdrio, ja que este ¢ feito de plastico ou vidro
bastante rijo. Entende-se entao que este tipo de ambiente rijo ndo é propicio para as células
se desenvolverem. Certos polimeros como o PDMS e Acrylamida sao capazes de imitar as
caracteristicas dos tecidos vivos, sendo portanto bons precursores para o desenvolvimento
e analise das células. Neste capitulo desenvolve-se diferentes técnicas para o uso destes
polimeros como base de sustentagao das células com caracteristicas similares ou corpo hu-
mano. Uma das principais caracteristicas destes polimeros é serem moles o suficiente para
poderem ser deformados pelos cardiomiocitos quando estes contraem. Esta caracteristica
possibilita a medicao da forca exercida por cada cardiomiocito aquando da sua contragao
(Forga de contragdo). Estas técnicas de cultura de células e medicao de forga de contracdo
sdo a base dos progressos cientificos dos capitulos seguintes.

No terceiro capitulo ¢é feita a avaliagao do estado de maturagao dos cardiomiocitos feitos
em laboratério. Esta avaliacao € feita através da medigao da forga de contragao dos cardio-
miocitos e dos impulsos elétricos que estes geram. Este tipo de avaliagdes sao feitas em com-
paracdo com a realidade do coragdo humano. Neste sentido comparamos os parametros
referidos anteriormente entre os cardiomiocitos feitos em laboratdrio e cardiomiocitos de
embrides de 15 a 19 semanas de gestagao, observando que os cardiomiocitos feitos em labo-
ratorio contraem com menos forca e geram impulsos elétricos equivamente lentos aos seus
homologos provenientes de embrides, de onde se conclui que os cardiomiocitos feitos em
laboratdrio tem um nivel de maturacdo abaixo ou proximo de um embrido de 15 semanas.
Com o objectivo de melhorar o nivel de maturagao dos cardiomiocitos feitos em laboratério
usou-se uma nova combinagao de meios de cultura adquiridos comercialmente cuja com-
posicao estimula o crescimento e maturacao dos cardiomiocitos. Com a ajuda destes novos
meios de cultura de células os cardiomiocitos feitos em laboratério passaram a contrair com
mais forca e a gerar impulsos elétricos mais rapidos que os seus homologos provenientes
de embrides, de onde se concluiu ser possivel aumentar o nivel de maturacao destes cardi-
omiocitos em in vitro (em laboratdrio).

O quarto capitulo descreve o desenvolvimento de um meio de cultura celular alternativo
para maturagao dos cardiomiocitos em laboratdrio e o seu uso na analise de uma doenga
cardiaca. Meios de cultura para maturagdo tem um grande potencial para trazer os car-
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diomiocitos para um nivel de matura¢ao semelhante ao de um humano adulto, por isso
nos continuamos a desenvolver novos meios de cultura com este objectivo em mente. Para
desenvolver este novo meio de cultura, adicionamos sequencialmente ao meio base trés
moléculas responsaveis pelo crescimento e manutenc¢ao do corpo humano: a hormona da
tiréide (T3), um factor de crescimento (IGF-1) e um glucocorticoide sintético (Dexametha-
sone). A adi¢do incremental de cada uma destas moléculas induziu um aumento na forga de
contragao dos cardiomiocitos e da velocidade do seu impulso elétrico, concluindo-se que foi
atingido um novo patamar de maturagao dos cardiomiocitos em laboratdério. Um dos obje-
tivos em desenvolver a tecnologia de cardiomiocitos produzidos em laboratério é poder-se
estudar todas as doengas cardiacas que afectam o ser humano nas condi¢des controladas de
laboratoério. Tal tecnologia abrir-nos-a as portas para o desenvolvimento de novos medic-
amentos que podem vir a prevenir ou a tratar doengas como o enfarte cardiaco, fibrilagao,
hipertrofia cardiaca, etc. Neste momento, devido ao baixo nivel de maturagao e a forma
destes cardiomiocitos impossibilita a reproduc¢ao da grande maioria das doengas cardiacas
em laboratorio. No entanto o uso este novo meio de cultura (T3+IGF+Dex) possibilitou o
estudo duma doenga cardiaca chamada cardiomiopatia hipertrofica (HCM) usando célu-
las estaminais provenientes da transformacao das células da pele de pacientes com esta
doenca. Neste procedimento transformamos as células dos pacientes em células estaminais
e por sua vez transformamos estas em cardiomiocitos com o mesmo defeito que o coragao
dos pacientes tém. Este defeito nao era visivel inicialmente mas depois de se aplicar o novo
meio de cultura inferimos que os cardiomiocitos dos pacientes contraiam com significativa-
mente menos for¢a que os de uma pessoa normal. Este avango cientifico abre portas para o
estudo desta doenga que afecta 1 pessoa em cada 500, ou seja é uma das doengas cardiacas
mais comuns que afecta os seres humanos.

O quinto capitulo fala da constru¢do de uma proteina sintética através de manipulagao
genética. O motor que faz os cardiomiocitos e consequentemente o coragdo contrair cha-
ma-se sarcomero. Este sarcomero é um tipo de lego em que as pecas sao proteinas que se
movem em unissono para traz e para a frente dentro de cada cardiomiocito. A forma como
este lego esta organizado é usada pelos cientistas como barémetro do estado de maturagao
e do estado de satide dos cardiomiocitos. Ou seja, ao avaliar como os sarcomero estao or-
ganizados infere-se a avaliagdo do nivel de matura¢do dos cardiomiocitos ou o nivel de
doenga destas células. Para se poder avaliar estes sarcomeros com as técnicas existentes
hoje em dia é necessario matar as células fixando-as. Este procedimento impede a analise
dos sarcomeros enquanto estes se formam ou se movimentam durante a contragao (analise
dinamica). Para podermos fazer a analise dinamica dos sarcémeros decidimos pegar numa
das proteinas que constitui os sarcomeros e torna-la fluorescente para se poder visualizar
ao microscopio. Neste projeto usamos a proteina sarcomerica “a-actinin” e fundimo-la com
uma proteina fluorescente vermelha. Esta proteina fluorescente é uma proteina sintética
especial capaz de emitir luz vermelha quando os eletrdes do seu interior sao excitados com
luz verde. A fusao destas duas proteinas foi feita através de manipulacao genética (clon-
agem). Apos a clonagem desta proteina para dentro de um vector viral produzimos um
virus que quando infecta as células alvo as obriga a expressar esta proteina que criamos.
A consequéncia da expressao desta proteina fusao é que ela é incorporada nos sarcémeros
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pela célula permitindo que possamos visualizar a formagao e o movimento/contracao dos
sarcomeros enquanto a célula esta viva. Esta nova tecnologia permite a avaliagao dinamica
do nivel de maturagdo e de doenga dos cardiomiocitos humanos.

O sexto capitulo é o culminar de todos os capitulos anteriores pois descreve o uso da tecno-
logia desenvolvida nos capitulos 2, 3, 4, 5 para analisar a doenga cardiaca descrita no capitu-
lo 4. Neste estudo usou-se a tecnologia dos polimeros, da medicao da contracao das células,
os meios de maturacao e os sarcomeros fluorescentes para descrever e tentar entender o que
realmente se passa quando o cardiomiocito tem uma deficiéncia numa proteina responsavel
por regular a sua contragao (chamada Myosin Binding Protein C3 ou MYBPC3). Mostramos
que a deficiéncia da MYBPC3 induz uma diminui¢ao da forga que os cardiomiocitos con-
traem e induz uma redug¢ao no movimento dos sarcomeros durante a contragdo. A nova
tecnologia que desenvolvemos permite-nos analisar a for¢a de contracdo e o movimento
dos sarcomeros na mesma célula, pelo que podemos concluir que a forga de contragdo dos
cardiomiocitos é diretamente relacionada ao movimento dos sarcomeros. Dai infere-se que
a forca de contragao das células é afectada pela reducao do movimento dos sarcomeros que
por sua vez sao afectados pela deficiéncia da MYBPC3. Demonstramos também que a defi-
ciéncia da MYBPC3 provoca uma redugao no consumo de energia da célula. Em conclusao
neste capitulo avaliamos e caracterizamos os cardiomiocitos com deficiéncia da MYBPCS3,
criando um modelo pode ser utilizado para o desenvolvimento de compostos que revertam
os efeitos da deficiéncia da MYBPC3 em seres humanos.

O sétimo capitulo descreve o desenvolvimento de uma nova tecnologia biolégica que per-
mite a expansao e caracterizagao de células progenitoras do coragdo. Como descrito a cima,
todas as células do nosso corpo provéem de uma sé célula embrionaria. Esta célula di-
vide-se inimeras vezes e as células provenientes de cada divisao vao-se diferenciando nos
diferentes tecidos e érgaos. Esta diferenciacdo acontece passo a passo, sendo que a cada
passo as células vao-se tornado cada vez mais especificas até atingirem a sua forma/fungao
final. Esta diferenciacdo ndo s6 acontece nos seres vivos como é replicado em laboratoério
aquando da diferenciagao das células estaminais. Para se estudar e compreender esta dif-
erenciagao das células estaminais nos diferentes 6rgaos é necessario obter grande niimero
destas células intermedidrias (chamadas células progenitoras) para se poder fazer a sua
caracterizacao biologica. Até ao presente o inico procedimento de se obter células progeni-
toras é através do isolamento destas células a um tempo fixo apds o inicio da diferenciagao.
No entanto o tempo necessario para chegar a um determinado passo de diferenciagao varia
consoante a diferenciagao e células usadas. Neste estudo inserimos uma proteina modifica-
da (cMYC) nas células estaminais que nos permite parar a diferenciagao e expandir as cé-
lulas progenitoras nos diferentes passos por apenas adicionar uma molécula (Doxycycline)
ao meio de cultura. Esta molécula activa o cMYC que por sua vez inicia a multiplicacdo
das células progenitoras, parando a diferenciacao. Na primeira parte deste estudo é feita a
otimizagdo da expansao das células progenitoras com a ajuda de outras moléculas suple-
mentares. Na segunda parte do estudo € feita a caracterizacdo destas células progenitoras
com base em marcadores especificos como NKX2-5; Podoplanin e PDGFRa. Na terceira
parte a capacidade de diferenciacao destes progenitores em diferentes tipos de células pre-
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sentes no coragao, como células pace-maker, cardiomiocitos ventriculares, células endoteli-
ais e células musculares lisas, é testada aquando da remogao da Doxycycline. Em conclusao
a tecnologia desenvolvida neste estudo abre as portas para uma melhor compreensao dos
diferentes passos de diferenciacao das células estaminais nas diferentes células do coragao.
Este avanco tem grande impacto na comunidade cientifica que investiga o coragdo uma
vez que permite estudar o processo de como as diferentes células do coracdo humano sao
produzidas a nivel molecular.

O ultimo capitulo é uma discussao geral dos resultados de todos os capitulos tendo em
consideragao o estado corrente da investigacao cientifica desta drea. O capitulo termina
com as minhas perspectivas de futuros avangos na investigacao do coragao usando células

estaminais humanas.
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Samenvatting

Dit proefschrift beschrijft onderzoek dat gaat over de cellen van het menselijk hart. Om
de lezer wat achtergrondinformatie te geven over de context van dit onderzoek, zal ik
beginnen met het uitleggen van een aantal basisprincipes van de biologie. Alle levende
wezens zijn organismen. Alle organismen zijn opgebouwd uit cellen; de cel is het kleinste
levende element van het lichaam, waarin alle informatie is opgeslagen voor het creéren
van een complex organisme zoals de mens. Deze informatie is opgeslagen in het DNA als
code (sequentie). Alle cellen in het lichaam van een individu bevatten dezelfde DNA-se-
quentie. Maar toch zijn de cellen in het lichaam van de mens heel verschillend; bijvoorbeeld
een hersencel en een darmcel verschillen sterk van vorm en functie. Dit in acht nemend,
heeft een groep wetenschappers aan een Japanse universiteit, geleid door Dr. Yamanaka, in
2006 een techniek ontwikkeld waardoor een huidcel in een stamcel kon worden veranderd
(functionele transformatie van de cel). Dr. Yamanaka kreeg voor deze prestatie de Nobel-
prijs voor de Geneeskunde in 2012. Ons laboratorium in het Leids Universitair Medisch
Centrum is gespecialiseerd, in het transformeren van cellen naar stamcellen met behulp van
de methode van Dr. Yamanaka.

Maar wat is nu precies een stamcel? De stamcel is de moedercel van ons lichaam, aangezien
deze cel wordt vermenigvuldigd en omgezet in alle typen lichaamscellen. Het proces van
ontwikkeling van de stamcel tot de uiteindelijke gespecialiseerde cel heet differentiatie. In
ons lab maken wij gebruik van deze speciale eigenschap van stamcellen, en differentiéren
de stamcellen naar cellen van het hart. Het volwassen hart heeft zeer specifieke eigenschap-
pen die nog niet volledig worden begrepen door de wetenschappelijke gemeenschap, en
bestaat uit verschillende typen cellen. Het type cel verantwoordelijk voor het kloppen van
het hart wordt de hartspiercellen genoemd. Dit type cel ontstaat als het embryo slechts
enkele weken oud is, en ontwikkeld zich verder, zowel tijdens de zwangerschap in de baar-
moeder, als na de geboorte totdat het individu volwassen is. Hoever de hartspiercellen
ontwikkeld zijn, is dan ook afhankelijk van de leeftijd van het embryo of individu. Zo zijn
de hartspiercellen van een kind van 7 maanden verder ontwikkeld dan die hartspiercellen
van een embryo van 16 weken, en zijn de hartspiercellen weer minder ontwikkeld dan die
van een volwassene van 20 jaar oud. Momenteel zijn de hartspiercellen die geproduceerd
worden in het laboratorium qua ontwikkelingsstadium vergelijkbaar met hartspiercellen
van een embryo van 15 weken oud. Deze hartspiercellen bereiken dus nog lang niet het
niveau van volwassen hartspiercellen. Verder zijn deze cellen zijn gekweekt in het labora-
torium, en bestaan slechts uit een dunne laag cellen op de bodem van een glazen schaal,
wat niet erg lijkt op de vorm en samenstelling van volwassen hartweefsel in een echt mens.
Dit proefschrift gaat over manieren om de hartspiercellen die in het laboratorium worden
gekweekt, verder te laten ontwikkelen, zodat ze meer gaan lijken op de hartspiercellen die
te vinden zijn in het hart van een volwassen persoon.

Het eerste hoofdstuk is een theoretische inleiding van dit proefschrift, en beschrijft de hui-
dige stand van zaken in dit gebied van de biologie.

Het tweede hoofdstuk is gericht op het gebruik van polymeren die het milieu in het
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menselijk lichaam na bootsen. De meeste weefsels van ons lichaam zijn zacht, met uitzon-
dering van de botten. De meeste cellen in ons lichaam, komen dan ook in contact met zachte
weefsels. Echter, in het laboratorium is dit niet het geval; de laboratorium schaal waarin de
cellen worden gekweekt is gemaakt van hard kunststof of glas. Deze omgeving is niet opti-
maal voor de ontwikkeling van de hartspiercellen. Met het gebruik van bepaalde polymer-
en zoals PDMS en acrylamide kunnen wij bepaalde kenmerken, zoals de zachtheid van
de levende weefsels nabootsen. In dit hoofdstuk beschrijven we verschillende technieken
die beschikbaar zijn om deze polymeren te gebruiken als basis om de cellen op te kweken,
zodat de cellen kunnen groeien op structuren die lijken op structuren uit het menselijk li-
chaam. Eén van de belangrijkste eigenschappen van deze polymeren is dat ze zacht genoeg
zijn om te kunnen worden vervormd door de hartspiercellen als deze samentrekken. Dit
maakt het meten van de kracht die wordt veroorzaakt door de samentrekking van de hart-
spiercellen mogelijk. Deze technieken vormen de basis voor het onderzoek in de volgende
hoofdstukken.

Het derde hoofdstuk beschrijft onderzoek naar de ontwikkeling van de hartspiercel in het
laboratorium. Voor dit onderzoek werden hartspiercellen die in het laboratorium gepro-
duceerd waren, vergeleken met hartspiercellen die geisoleerd waren uit embryo’s van 15
tot 19 weken oud (abortusmateriaal). Uit dit onderzoek bleek dat de hartspiercellen die
ontwikkeld werden in het laboratorium met minder kracht en snelheid samentrokken dan
hartspiercellen van embryo’s van 15 tot 19 weken oud. Ons doel was om het ontwikke-
lingsniveau van de hartspiercellen in het laboratorium te verbeteren, door gebruik te mak-
en van een combinatie van commercieel beschikbaar kweekmedium (vloeistof dat gebruikt
wordt om de cellen in te laten groeien), waarvan de samenstelling de groei en ontwikkeling
van de hartspiercellen verbetert. Met behulp van dit nieuwe kweekmedium, werden de
samentrekkingskracht en de snelheid van de elektrische impulsen verbeterd, waardoor de
hartspiercellen die werden gekweekt in het laboratorium zich ontwikkelden tot niveaus
boven de hartspiercellen van de embryo’s van 15 tot 19 weken. We konden hierdoor con-
cluderen dat het mogelijk is om de mate van ontwikkeling van deze hartspiercellen in het
laboratorium te verbeteren, met behulp van dit commercieel beschikbare kweekmedium.

Het vierde hoofdstuk beschrijft de ontwikkeling van een nieuw alternatief kweekmedi-
um voor de ontwikkeling van hartspiercellen in het laboratorium, en het gebruik ervan
voor de analyse van een hartaandoening. Op dit moment wordt onderzoek naar een groot
aantal hartziekten in belemmerd door de langzame ontwikkeling van de hartspiercellen
in het laboratorium. Verbetering van het kweekmedium, waardoor de hartspiercellen zich
beter ontwikkelen, opent deuren naar de ontwikkeling van nieuwe geneesmiddelen die
kunnen worden ontwikkeld ter voorkoming of genezing van hartziekten. Om een nieuwe
kweekmedium te ontwikkelen, voegden wij achtereenvolgens drie moleculen toe waarvan
bekend is dat ze een rol spelen in de groei en het onderhoud van het menselijk lichaam:
een schildklier hormoon (T3), een groeifactor (IGF-1), en een synthetisch glucocorticoide
(dexamethason). Doordat deze moleculen werden toegevoegd aan het kweekmedium, na-
men de samentrekkingskracht en snelheid van de elektrische impulsen toe in de gekweekte
hartspiercellen. Met behulp van dit nieuwe kweekmedium (T3 + IGF-1 + Dex) was het mo-
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gelijk om een hartziekte genaamd hypertrofische cardiomyopathie (HCM) te onderzoeken,
met behulp van stamcellen afkomstig uit de transformatie van huidcellen van patiénten
met deze ziekte. Nadat hartspiercellen werden gekweekt in het nieuwe medium, zagen we
dat de hartspiercellen die kwamen van patiénten met HCM, aanzienlijk minder krachtig
samentrokken dan die van een normaal persoon. Resultaten van dit onderzoek openen de
deuren naar verder onderzoek naar deze ziekte, die voorkomt bij 1 op de 500 mensen.

Het vijfde hoofdstuk beschrijft de ontwikkeling van een synthetisch eiwit door genetische
manipulatie. Het gedeelte van de hartspiercel dat de samentrekking van het hart mogelijk
maakt, heet de sarcomeer. Deze sarcomeer kan je zien als een LEGOsteen, die opgebouwd
is uit meerdere laagjes: deze laagjes zijn eiwitten. De manier waarop deze eiwitten zijn op-
gebouwd (bijv. zijn ze rommelig of recht) wordt door onderzoekers gezien als een manier
om vast te stellen hoever de hartspiercel is ontwikkeld en hoe gezond de cel is. De meest
gebruikelijke methode om de opbouw van de sarcomeer goed te kunnen zien, is door de
cellen te doden met een fixeermiddel (zodat ze precies dezelfde vorm houden). Echter,
door deze fixatie is het niet meer mogelijk om de cellen te zien bewegen. Aangezien hart-
spiercellen kloppen, is het heel belangrijk om de beweging van de cellen te kunnen zien.
Hier hebben wij een oplossing voor gevonden. Aan één van de eiwitten die het sarcomeer
vormt, genaamd a-actinine, verbonden wij een lichtgevend (fluorescerend) eiwit, terwijl de
cel nog in leven was. Deze nieuwe techniek maakte het mogelijk om de hartspiercellen te
bekijken onder de microscoop terwijl ze nog in leven zijn en kloppen.

In het zesde hoofdstuk wordt de hartziekte HCM verder onderzocht, aan de hand van de
technieken die beschreven zijn in de hoofdstukken 2, 3, 4 en 5. In dit onderzoek probeerden
we te begrijpen wat er gebeurt in een hartspiercel die een tekort heeft aan een eiwit dat ve-
rantwoordelijk is voor het reguleren van samentrekking (genaamd myosine bindend eiwit
C3, of MYBPC3). We hebben aangetoond dat MYBPC3 tekort zorgt voor een verminderde
samentrekkingskracht, en een vermindering van de sarcomeer beweging tijdens de samen-
trekking. De nieuwe technologieén die we hebben ontwikkeld, stellen ons in staat om de
samentrekkingskracht en de sarcomeer beweging in exact dezelfde cel te meten. Hierdoor
konden wij zien dat de samentrekkingskracht wordt beinvloed door de vermindering van
de sarcomeer beweging, die op zijn beurt worden beinvloed door de MYBPC3 tekort. We
tonen ook aan dat het tekort aan MYBPC3 leidt tot een vermindering van het energiever-
bruik van de hartspiercellen. Door dit onderzoek hebben we een model ontwikkeld dat
gebruikt kan worden voor de ontdekking en ontwikkeling van nieuwe geneesmiddelen die
kunnen helpen bij een MYBPC3.

Het zevende hoofdstuk beschrijft de ontwikkeling van een nieuwe biotechnologie, die
de groei en ontwikkeling van voorlopercellen van hartcellen mogelijk maakt. Zoals eerd-
er beschreven, stammen alle cellen van ons lichaam af van een embryonale cel. Deze cel
deelt zich miljoenen keren, en de cellen die ontstaan na elke celdeling ontwikkelen zich
tot de verschillende organen en weefsels. Deze differentiatie gebeurt stapsgewijs, en bij
elke stap worden de cellen meer gespecialiseerd, totdat ze hun uiteindelijke vorm / functie
bereiken. Om deze differentiatie van stamcel tot orgaancel te bestuderen en begrijpen, is
het noodzakelijk om de cellen die als tussenstap worden aangemaakt (genaamd voorloper-
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cellen) te onderzoeken. Tot nu toe konden deze voorlopercellen alleen verkregen worden
door isolatie op een bepaald tijdstip gerekend vanaf het begin van de differentiatie. Dit
tijdstip verschilt per differentiatie en de gebruikte cellijn. In dit onderzoek bedachten we
een methode om de voorlopercellen op een makkelijkere manier te isoleren en te vermenig-
vuldigen. We voegden het gemodificeerde eiwit cMYC, toe aan de stamcellen, en voegden
het molecuul Doxycycline toe aan het kweekmedium. Dit molecuul activeert de cMYC, dat
op zijn beurt zorgt dat de voorlopercellen stoppen met verder differentiéren, en toenemen
in aantal. In het eerste deel van deze studie hebben we deze methode geoptimaliseerd door
gebruik te maken van andere aanvullende moleculen. In het tweede deel van deze studie
hebben we de kunnen bewijzen dat de gekweekte voorlopercellen daadwerkelijk de voor-
lopers zijn van hartspiercellen, door te laten zien dat ze de specifieke markers NKX2-5; Po-
doplanin en PDGFRa droegen. In het derde deel van de studie hebben we de capaciteit van
deze voorlopers getest, om te zien of ze in alle verschillende celtypen van het hart kunnen
differentiéren, zoals pace-maker cellen, hartspiercellen, gladde spiercellen en endotheelcel-
len. De resultaten van dit onderzoek hebben grote invloed op de wetenschappelijke wereld
die zich richt op onderzoek naar het hart, omdat het aanwijzingen geeft naar de manier
waarop de verschillende celtypen in het hart worden ontwikkeld op moleculair niveau.

Het laatste hoofdstuk is een algemene bespreking van de gegevens van alle hoofdstukken
van dit proefschrift. Dit hoofdstuk eindigt met mijn perspectief op de toekomstige ontwik-
kelingen in onderzoek naar het hart, waarbij menselijke stamcellen worden gebruikt.
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