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1 Introduction

1.1 Human Stem Cell-derived Cardiomyocytes

Human cardiomyocytes (CM) cannot be reliably extracted from patient biopsies for long-
time culture. Through the advent of human pluripotent stem cells (hPSC) — in particular,
human embryonic stem cells (hESC; Thomson et al. 1998) and human induced pluripotent
stem cells (hiPSC; Takahashi et al. 2007; Yu et al. 2007) — the basis to provide an, in princi-
ple, unlimited number of human cardiomyocytes has been established, as hPSC can be dif-
ferentiated into various tissue cell types, including CM (Itskovitz-Eldor et al. 2000; Kehat et
al. 2001; Zhang et al. 2009; Zwi et al. 2009; Burridge et al. 2012). hPSC-derived CM (hPSC-
CM) have since created great excitement due to their prospective use in high-throughput
pharmacological screening (Braam et al. 2010; Khan et al. 2013; Navarrete et al. 2013; del
Alamo et al. 2016; Kurokawa and George 2016), disease modeling (Moretti et al. 2010; Kim
et al. 2013; Tiburcy et al. 2017; van Mil et al. 2018), and cardiac replacement therapy
(Menasché et al. 2015; Riegler et al. 2015; Tachibana et al. 2017; Oikonomopoulos et al.
2018). However, a major hurdle in their applicability has been, that their level of maturation
resembles that of embryonic or fetal rather than adult CM (Robertson et al. 2013; Uosaki et
al. 2015; da Rocha et al. 2017). Accordingly, a plethora of research studies have aimed to
explore biochemical and biophysical stimuli of cardiac maturation. On the one hand, con-
ventional 2D culture formats have here been demonstrated to lack various of these putative
stimuli of maturation, which, in turn, has expedited the development of 3D culture formats
such as engineered heart muscle (EHM; Schaaf et al. 2011; Tulloch et al. 2011; Zhang et al.
2013; Tiburcy et al. 2017). On the other hand, ongoing research in advanced 2D culture
formats, particularly that of single-cell/oligo-cell CM on defined geometties, aims to deci-
pher further causal nexus between potential maturation stimuli and cardiac function
(McDevitt et al. 2002; Bray et al. 2008; Parker et al. 2008; Ribeiro AJS et al. 2015; Ribeiro
MC et al. 2015; Boothe et al. 2016).

The degree of hPSC-CM maturation varies strongly between different differentiation pro-
tocols, time in culture, culture formats, and even simply among batches of differentiation,
but notably, three-dimensional cultures (especially EHM) facilitate a more adult-like CM
phenotype, as compared to 2D cultures (Tiburcy et al. 2017; Ronaldson-Bouchard et al.
2018). In the context of this thesis, it is noteworthy to mention several hPSC-CM cell fea-
tures that reflect the premature phenotype: hPSC-CM are significantly smaller than adult
human CM and sarcomere lengths are considerably shorter. Cell spread area and cell vol-
ume in hPSC-CM have been reported to be in the range of 500 — 1700 um* and 5000 —
12000 pum’, respectively, whereas cell volumes of 20000 — 35000 um’ have been reported in
adult human CM (Severs 2000; Yang et al. 2014; Tiburcy et al. 2017). Sarcomere rest length,
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Le. the rest length of the basic functional unit of cardiac contractile elements (Section 1.3),
is typically between 1.6 and 1.9 um in hPSC-CM, while it is roughly 2.2 um in adult human
CM (Severs 2000; Lundy et al. 2013; Yang et al. 2014; Tiburcy et al. 2017). Furthermore,
calcium handling and excitation-contraction coupling are fairly well-developed in hPSC-
CM, however, remain slower than in adult CM. hPSC-CM possess few to no T-tubules,
while adult CM show an abundance of T-tubles aligned with Z-lines (Section 1.3), and
hPSC-CM have smaller calcium stores as compared to adult CM (Yang et al. 2014; Tiburcy
et al. 2017; Ronaldson-Bouchard et al. 2018). Moreover, a chronotropic and lusitropic re-
sponse to B-adrenergic stimulation has been reported, however, an appropriate inotropic
response lacks in most hPSC-CM cultures (Robertson et al. 2013; Yang et al. 2014; Tiburcy
et al. 2017; Ronaldson-Bouchard et al. 2018).

1.2 The Extracellular Matrix and Its Effects on Cardiomyocyte

Function

It is well-recognized, that the cellular microenvironment largely contributes to the matura-
tion and function of cardiomyocytes. In the heart, this microenvironment comprises of
cardiomyocytes, non-myocytes, the extracellular matrix (ECM), and paracrine factors. To-
gether, these cellular and extracellular factor constitute interdependent biochemical, bio-
physical, and bioelectrical cues of what is termed the cardiac or cardiogenic niche, and it is
this niche that essentially controls cardiac development, function, and disease (Christalla et
al. 2012; Atmanli and Domian 2017).

In the context of this thesis, the ECM and how its mechanical properties dictate CM con-
tractility are of particular interest. Although being mainly recognized as a physical scaffold
supporting contraction and relaxation of CM, the cardiac ECM is a highly dynamic entity
that facilitates and modulates the above-mentioned biochemical, biophysical, and bioelec-
trical signaling cues (Atmanli and Domian 2017). It comprises z) structural proteins, 7) ad-
hesive proteins, and zz) proteoglycans (Christalla et al. 2012). The structural proteins are
primarily collagen I and III, adhesive proteins include laminin and fibronectin, and alto-
gether, this network of fibers is embedded in a hydrogel-like environment of proteoglycans,
such that the ECM components provide a relaxed, stress-resistant meshwork (Frantz et al.
2010). Myocardial cells can communicate directly with the ECM via integrins, that specifi-
cally bind to ECM-binding sites. In CM, integrins link to the mechanotransducing costa-
mere complexes, that in turn laterally link to the CM’s Z-discs (Section 1.3). Notably, sev-
eral ECM components, particularly laminin and proteoglycans, are capable of binding vari-
ous growth factors, indicating the role of the ECM in the regulation of biochemical signal-
ing cues (Christalla et al. 2012; Atmanli and Domian 2017).

While the ECM, as part of the cardiac niche, has been identified as a fundamental building
block of CM maturation and function (Christalla et al. 2012; Atmanli and Domian 2017),

our understanding of cell-ECM interactions as well as how cell-cell interactions are influ-
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enced by the ECM is still limited. Further knowledge of these interactions is, however, cru-
cial, as a deliberate zz-vitro modeling of the ECM is key to support organotypic differentia-
tion and function of PSC-CM. Accordingly, this /#-vitro modeling of the ECM has been a
major focus in both, 2D and 3D cardiac engineering. 3D strategies have shown great pro-
gress in the tuning of an ansiotropic ECM and niche, and have thus generated cardiac con-
structs with CM that display adult-like properties (Tiburcy et al. 2017; Ronaldson-Bouchard
et al. 2018). 2D constructs, however, remain strongly limited due to various constraints.
These include /) flatness of cells/CM with resulting apical-base polarity, whereas physiolog-
ically, CM are rod-like (Baker and Chen 2012); 7z) unphysiological cell shape and morpholo-
gy, as compared to the roughly 7:1-shaped adult CM z vivo (Gerdes 2002); and 7) missing
cell-cell and cell-ECM interactions, whereas 7z vivo, CM are embedded in the cardiac niche
including cell-cell contacts to roughly eleven other CM (Atmanli and Domian 2017). Fur-
thermore, the layer of adsorbed protein in typical 2D culture formats is in the nanometer
range, though cells can sense the environmental stiffness up to 5 um deep, suggesting that
in conventional 2D culture, CM contract against the very stiff culture substrate (Atmanli
and Domian 2017).

Despite these limitations, advanced 2D culture formats are still valuable to the cardiovascu-
lar research community, not only due to relatively simple experimental protocols, but also
because the above-described shortcomings can be selectively remediated, and these tuned
2D cultures then provide platforms to decipher defined structure-function relationships.
With respect to matrix elasticity, several significant studies have been conducted in such
advanced 2D culture formats, and have mapped correlations between matrix rigidity and
CM contractility. Employing traction force microscopy, Engler et al. (2008) examined the
contractility of embryonic quail and chicken CM on polyacrylamide (PA) gels of various
stiffnesses, and found that substrates that mimic the physiological elasticity of the heart
(10-15 kPa; Berry et al. 2006) promoted optimal transmission of contractile work and acto-
myosin striation, and further facilitated continuous, rhythmic beating. On stiffer substrates
with Young’s moduli close to that of post-infarct fibrotic scar tissue (3-4 times higher than
in the healthy heart; Berry et al. 2006), however, the authors observed a dramatic loss in
contractile function including an entire arrest of beating over time. In a similar study em-
ploying traction force microscopy, Hazeltine et al. (2012) found that contraction stress of
hPSC-CM increased with stiffness of the underlying PA gels in a range from 4-100 kPa,
and this effect was not linked to morphology or beating rate. Ribeiro AJS et al. (2015) fur-
ther showed that hPSC-CM on PA gels of physiological stiffness did not only display im-
proved contractile activity, but also improved calcium flow, mitochondrial organization,
electrophysiological properties, and T-tubule formation, when compared to hPSC-CM on
stiffer or softer substrates. Notably, in this study, cells were micropatterned to 3:1 - 7:1

rectangular shapes, and the translation of sarcomeric shortening to mechanical output was
observed to be highest on 7:1-shaped hPSC-CM.
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In several other studies employing techniques of microcontact printing, cell shape had pre-
viously been recognized as one of the key regulators of myofibrillar organization and CM
function (McDevitt et al. 2002; Bray et al. 2008; Parker et al. 2008; Kuo et al. 2012).
McDevitt et al. (2002) micropatterned neonatal rat CM onto 5-50 um wide laminin lanes,
and observed strikingly improved myofibrillar organization, as compared to unpatterned
CM. Parker et al. (2008) demonstrated, that neonatal rat CM assumed the geometry of var-
iously shaped fibronectin islands, and formed predictable myofibrillar networks, according-
ly. Similarly, Bray et al. (2008) micropatterned neonatal rat CM onto rectangular fibronectin
islands with aspect ratios ranging from 1:1 to 7:1, and found that sarcomere alignment was
highest at 7:1 aspect ratio. The same group further analyzed the shape dependency of CM
contractility, and showed optimized contractility of neonatal rat CM at 7:1 aspect ratios, as
measured by systolic stress (Kuo et al. 2012). Parker and colleagues were, moreover, able to
link CM shape, ECM elasticity, and CM contractility, when they demonstrated that 7:1-
shaped neonatal rat CM generated the most work on physiological 13 kPa PA gels, howev-
er, on stiffer 90 kPa substrates, lower aspect ratios (2:1) supported optimal work produc-
tion (McCain et al. 2014).

1.3  Alpha-Actinin 2 and Its Role as Part of the Contractile Apparatus

The contractile apparatus in cardiomyocytes essentially comprises of a dynamic protein
network which is assembled into contractile sarcomeres. These sarcomeres form the basic
functional units of cardiac myofibrils. Out of the numerous proteins that constitute and
interact with a single sarcomere, perhaps actin and myosin are the most important, as they
are the key players in the cardiac contractile cycle. Actin and associated proteins form the
polar zhin filaments, whereas the cardiac muscle isoforms of myosin II form the bipolar
thick fillaments. Actin, at its plus end, is attached to a third key component of the sarco-
mere, the so-called Z-disc, which is located at both ends of each sarcomere (Figure 1-1).
The minus ends of actin thin filaments extend towards the center of the sarcomere, where
they overlap with the thick filaments. Upon myosin power strokes (Section 1.4), the thick
filaments slide past the thin filaments, which causes the entire sarcomere and thus myofil-

ament and myocyte to contract.

The Z-disc! thus cross-links two adjacent sarcomeres in a myofibril and it further functions
as a mechanical anchor to non-sarcomeric proteins of the cytoskeleton as well as the ECM.
In this regard, it is key to absorbing and transmitting the energy from the above-described
filament sliding. However, the Z-disc does not only hold function as a physical anchor, but
it is also thought to serve as a mediator, transducer and transmitter of several biomechani-

cal and biochemical signaling cascades (Pyle and Solaro 2004). Arguably the major protein

I'In the literature, there is no strict consensus regarding the nomenclature of the terms Z-disc and Z-/ine. In
this thesis, we typically refer to Z-discs, when considering the functional complex of proteins, whereas we
refer to Z-lines, when considering the morphological distinct lines that demarcate each sarcomere at both
ends.
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of the roughly 100 nm wide Z-disc is the 2-isoform of a-actinin (x-actinin 2; sarcomeric a-
actinin; ACTNZ2), which, together with several few other proteins, cross-links sarcomeric
actin and reverses its polarity. ACTN2 is part of the spectrin superfamily and forms anti-
parallel homodimers that are 200 kDa in size (Ribeiro et al. 2014). It consists of an N-
terminal actin-binding domain, a long rod with spectrin-like repeats, and a C-terminal cal-
modulin-like domain with two pairs of EF hands, where the latter are involved in the bind-
ing of the bidirectional spring-like protein titin. Notably, ACTN2’s actin- and titin-binding
activity appear to be dynamically regulated, and, unlike in non-muscle actinin isoforms, the
binding of actin to sarcomeric actinin is Ca*'-insensitive (Ribeiro et al. 2014). Despite its
crucial role in the Z-disc, ACTN2 accounts for a mere 20% of the total Z-disc protein con-
tent (Pyle and Solaro 2004).

Z-disc Z-disc
titin myosin (thick filament) \

:::::::

...............................................

.......

vvvvvvvv
.........................................

...........................................

>
......

\
plus end
of actin
filament

minus end actin (thin filament)

Figure 1-1: Sarcomere and Z-disc. Schematic depicting the Z-disc and the major sar-
comeric proteins which are relevant in the context of this thesis. See text for details. Mod-

ified from Alberts et al. (2008), with permission of the Garland Science publishing group.

1.4 The Contractile Cycle of Cardiomyocytes

Excitation-contraction coupling is essentially the process, during which an electrical signal
leads to mechanical contractions of cardiomyocytes (Bers 2002). Part of this process is the
acto-myosin cross-bridge cycle, during which chemical energy is converted to mechanical
energy via myosin power strokes, which, in turn, lead to the above-described sliding of
thick filaments past thin filaments and thus contractions of sarcomeres. The contractile
cycle in cardiomyocytes is being initiated via a series of ion fluxes, called action-potential.
In brief, an initial membrane depolarization via sodium channels leads to a calcium influx
via L-type Ca*'-channels. This Ca*"-influx then triggers a further Ca’'-release from the sar-
coplasmic reticulum into the cytosol. This process, termed calcium-induced calcium release,
increases the cytosolic calcium concentration by roughly two orders of magnitude, resulting
in a binding of Ca’’ to the troponin complex, which, in turn, induces a conformational
change in the helix protein tropomyosin, thereby exposing previously concealed myosin-

binding sites on actin.
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Figure 1-2: The acto-myosin cross-bridge cycle. Schematic depicting several putative
steps of the ATPase cycle of myosin as performed on actin during cardiac contractions. See

text for details. Modified from Houdusse and Sweeney (2016), with permission of El/sevier.

This Ca*"-induced exposure of myosin-binding sites enables for the above-mentioned acto-
myosin cross-bridge cycle (Figure 1-2). In this motor cycle, chemical energy from the hy-
drolysis of ATP is harvested and transduced to mechanical energy as myosin performs
power strokes on actin. The detailed mechanisms of this chemomechanical cycle remain
controversial, however, according to the most recent models, it is thought to comprise at
least four strongly actin-bound states as the force-generating steps and four recovery states
with weak affinity of myosin for actin (Houdusse and Sweeney 2016): At the start of the
cycle, which is also the end of the power stroke, the nucleotide-free myosin head is strongly
bound to actin in a rigor state. This state is relatively short-lived, as binding of ATP leads to
detachment from the actin filament into the post-rigor state, which is the start of the re-
covery stroke. During this recovery stroke, first the myosin lever arm is being reprimed and
the motor ends up in a pre-power stroke state. In this pre-power stroke state, ATP hydrol-
ysis occurs with the products, ADP and inorganic phosphate (P)), being tightly bound to
the protein. Next, the myosin heads are being oriented on the actin filaments via a non-
specific, electrostatic steering, resulting in weak attachment. The myosin heads then transi-
tion to a strong, stereospecific binding to actin, ending up in the P,-release state, and force-
generation is initiated. In this state, the actin-binding cleft is still open relatively wide, and
P, leaves the active site of myosin into a phosphate release-tunnel. This translocation of
phosphate gates a first, rapid closure of the actin-binding cleft, which is coupled to a first,

partial lever arm swing. Next, a transition to the strongly-bound ADP state occurs, which is
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accompanied by the completion of the cleft closure and a conformational change in fila-

mentous actin. Finally, the lever arm swing is completed and ADP is released.

1.5 Fluorescence Live Cell Microscopy

Over the past decades, fluorescence microscopy has become a — if not the — major imaging
technique and analytical tool in the life sciences. Like other optical microscopy techniques,
it takes advantage of the optical transparency of cells, and allows for non-invasive imaging
of their interior in three dimensions. Owing to the intrinsic selectivity of fluorescent tag-
ging, cellular constituents, such as proteins and nucleic acids, can be specifically localized
and traced. It is this specific labeling that has made fluorescence microscopy so very useful
to the life sciences. Aside from direct labeling, the standard method of choice is immuno-
fluorescence, where the specificity of antibodies to their antigen is used to target fluores-
cent markers to the biomolecule of interest. One of the main drawbacks of this method is
that it remains mainly limited to fixed (dead) cells when targeting molecules inside a cell. In
this regard, the discovery of the green fluorescent protein (GFP) in 1962 (Shimomura et al.
1962) and the subsequent development of fluorescent proteins as fluorescent probes have
revolutionized investigations of cellular processes in living organisms (Chudakov et al.
2010). Expression of fluorescent proteins is commonly considered to be innocuous to live
cells, although deleterious effects, including induction of apoptosis or oxidative stress, have
been reported (Ansari et al. 2016). Despite these potential limitations, fluorescent proteins
display a unique and versatile probe, as they can be specifically fused to other proteins, i.e.
cells can be genetically encoded to express certain proteins of interest as fusions to fluores-
cent proteins, enabling investigators to monitor cellular processes during live-cell imaging

experiments.

1.6 Imaging of the Sarcomeric Network in Live Cardiomyocytes

Various groups have aimed to image sarcomere dynamics in live CM by tracing sarcomeric
proteins and employing both, fluorescence microcopy or other lens-based microscopy
techniques. Dabiri et al. (1997) transfected embryonic chicken cardiomyocytes with plas-
mids encoding for an ACTN2-GFP fusion protein, and were able to image myofibril for-
mation in epifluorescence microscopy over time spans as longs as 28 hours at imaging in-
tervals as short as two hours. In more dynamic studies, both, Hersch et al. (2013) and Shin-
tani et al. (2014) transiently transfected rat CM with plasmids encoding for ACTN2-GFP
fusion proteins to trace movements of Z-lines in real time. Hersch et al. (2013) transfected
late embryonic rat CM, and imaged beating CM in epifluorescence at 17 fps. The authors
then analyzed the displacement of Z-lines in single myofibrils to estimate contractile strain.
Similarly, Shintani et al. (2014) transfected neonatal rat CM, and imaged contracting CM in
epifluorescence at up to 50 fps. Here, the authors tracked the displacement of several few

Z-lines to deduce relevant parameters of sarcomeric beating, such as contraction amplitude
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and shortening/relaxation velocity. Ribeiro AJS et al. (2015) chose to label sarcomeres in
hPSC-CM by transfecting cells with the commonly used F-actin marker Lifeact®. They
then analyzed epifluorescence time lapse images at 5-10 fps to deduce average sarcomere
contraction amplitudes, and, by employing particle tracking velocimetry, traced overall my-
ofibrillar movement. In a unique approach, Serizawa et al. (2011) conjugated quantum dots
to ACTN2 antibodies and applied the conjugates to stripped adult rat CM treated with lipid
reagent FuGENE HD®. The authors were then able to extract the lengths of several indi-

vidual sarcomeres from epifluorescence images at up to 39 fps.

Although the above-described studies all display remarkable approaches to the studying of
the dynamics of fluorescently labeled sarcomeres, none of the presented fluorescence
marker systems allowed for high-throughput or longitudinal studies. These drawbacks
mainly arise from general concerns associated with cell transfections. One major concern,
particularly with transient transfections, is, that in these transfected cells, the fluorescent
fusion proteins are typically being overexpressed. Such overexpression of proteins can,
inter alia, result in mislocalization or aggregation of proteins, violate gene dosage, affect
protein folding, or simply lead to non-uniform fluorescent labeling (Gibson et al. 2013;
Ratz et al. 2015). Further artefacts result from the interference of the transfection process
itself with the viability of cells, or, in particular, with the contractility of cardiomyocytes.
Moreover, non-proliferative cardiomyocytes are generally reported to be difficult to trans-
fect, which holds particularly true for adult CM, such that researchers have often turned to
transduction, i.e. the introduction of foreign DNA via viral vectors. In transduction of CM,
infection rates of up to 100% can be achieved via adenoviruses or via adeno-associated
viruses, however, expression time is either short (roughly two weeks, adenoviruses) or
transferred gene size is relatively small (~ 5 kB, adeno-associated viruses; Louch et al.
2011). Accordingly, these drawbacks have motivated approaches to visualize sarcomeres in
live CM that do not rely on cell transfection or transduction. One of these approaches ex-
ploits endogenous fluorescent labeling of (sarcomeric) proteins, which is the strategy of

choice in this project, and which will be discussed in Section 1.8.

Non-fluorescence-based strategies mainly employ either standard bright-field microscopy
or second harmonic generation microscopy. Standard bright-field imaging remains a main-
stay to many research applications, as it is almost entirely noninvasive and as it demands
relatively inexpensive microscopy setups as well as relatively simple sample preparation.
However, when it comes to investigating sarcomere dynamics at the subcellular level, it
remains limited to the analysis of average sarcomere contractions as opposed to inter-
sarcomeric dynamics, even with the latest advances in computer-based image analysis
(Pasqualin et al. 2016). Employing second harmonic generation microscopy, Gao and col-
leagues were able to image details of myofibrillogenesis in live neonatal rat CM at high spa-
tial resolution and high contrast (Liu et al. 2011; Yang et al. 2016). Although displaying
another exceptional and noninvasive imaging technique, image acquisition speed was, how-

evet, too slow (4 s/frame) for an application in the studying of contractile dynamics.
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All in all, this brief overview of previous approaches to the imaging of sarcomere dynamics
in real time motivates the need for a stable sarcomere tracing system in live CM that allows
for high contrast, noninvasive imaging of sarcomeres at high spatial and temporal resolu-

tion.

1.7 Genome Editing Using the CRISPR/Cas9 System

During the past decade, several programmable nuclease-based genome editing techniques
have emerged as versatile methods for the targeted modification of the genome of, in prin-
ciple, any cell type in any eukaryotic organism. In these techniques, nucleases can be di-
rected to induce specific double-strand breaks (DSB) in the genomic DNA, and briefly,
intrinsic cellular repair mechanisms can then be exploited to repair custom-defined DNA
sequences into the specific genomic site (Figure 1-3-A). DSB are typically repaired via ei-
ther non-homologous end joining (NHE]) or homology-directed repair (HDR; Hsu et al.
2014). In NHE], broken ends are rejoined on the basis of short microhomologies. This
mechanism is highly error-prone and often results in the introduction of small indels, that
in turn can lead to frame-shift mutations or gene knock-outs (Hsu et al. 2014). In the much
more accurate HDR, intact DNA templates (typically from the sister chromatids) are cop-
ied via homologous recombination to precisely repair DSB (Hsu et al. 2014). By inserting
custom-designed donor DNA templates into the cells, HDR-mediated repair can thus be
exploited to generate cell lines or even entire eukaryotic organisms with defined point mu-

tations, gene knock-outs, or gene knock-ins (Hsu et al. 2014).

Perhaps the most promising and currently the most rapidly developing of the genome edit-
ing techniques is the type II clustered regularly interspaced short palindromic repeats
(CRISPR)/Cas9 system, which, in 2013, was first demonstrated to be employed for target-
ed gene modification in mammalian cells (Cong et al. 2013; Mali et al. 2013). Unlike in oth-
er nuclease-based genome editing techniques, such as in transcription activator-like effector
nucleases (TALENS) or zinc finger nucleases (ZFNs), which recognize specific DNA se-
quences through direct protein-DNA interaction, the Cas9 nuclease is RNA-guided via
Watson-Crick base pairing to induce double-strand breaks at specific sites of the target
DNA. CRISPR systems display an adaptable immune mechanism in bacteria and archaea,
which helps these prokaryotes to protect themselves against invading nucleic acids, e.g.
bacteriophages or viruses (Sander and Joung 2014). In type II CRISPR, sequences from the
invading DNA are integrated into arrays within the CRISPR locus of the prokaryote’s ge-
nome, where protospacer sequences transcribed from the foreign DNA are segregated by
direct repeats (Hsu et al. 2014; Sander and Joung 2014). Transcripts from these arrays are
then processed into so-called CRISPR RNAs (ctRNAs), which comprise sets of the segre-
gated protospacers adjacent to a CRISPR repeat (Figure 1-3-B). A second, associated trans-
activating CRISPR RNA (tractrRNA) hybridizes with the direct repeats of the ctRNA to
form an RNA duplex (guide RNA, gRNA), which complexes with the Cas9 nuclease. The
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roughly 20 nucleotides of the ctRNA, which correspond to the protospacer sequence, ul-
timately guide the Cas9 via Watson-Crick base pairing to induce a DSB in the target DNA
if and only if the complementary sequence is adjacent to a short recognition sequence,
known as protospacer adjacent motifs (PAMs). These PAMs are not present within the
CRISPR locus, such that self-cleavage is intrinsically prohibited.

A) DSB
v
A
NHEJ)/ \l—IDR
\ repair template l
indel precise editing
B)
rotospacer tracrRNA RNA-Cas9 complex
p p/\ 3 g p
=
repeats \ /
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Figure 1-3: Rationale of CRISPR/Cas9-mediated genome editing. (A) Typical cellu-
lar repair mechanisms. DSB are repaired via either NHE] or HDR. In the error-prone
NHE]J, broken ends are rejoined on the basis of microhomologies. Here, insertion of vari-
ously sized indels are likely to occur. In HDR, DSB are repaired via homologous recombi-
nation based on the copying of repair templates. Homologous recombination is by far
more accurate, thus allowing for precise genome editing. (B) Basic components of the type
IT CRISPR/Cas9 system. Arrays of protospacers transcribed from the invading DNA are
segregated by direct repeats in the CRISPR locus of the prokaryote’s genome. These arrays
are processed into crRNAs, which hybridize to a second, associated tractRNA to form
guide RNA duplexes. The gRNA can then guide the Cas9 nuclease to induce DSB at spe-
cific sites in the target genome. The specific sites are dictated via Watson-Crick base pairing
between the protospacers sequences of the ctRNA and the complementary nucleotides in
the target DNA, however, cleavage by Cas9 only occurs if this this complementary se-

quence is adjacent to a Cas9-recognized PAM. See text for details.

In the type II CRISPR/Cas9 system adapted from Streptococcus pyogenes (Sp), the PAM
sequence lies directly at the 3’-end of the target sequence and is typically of form 5-NGG
(Hsu et al. 2014). To employ the Sp CRISPR/Cas9 system for HDR-directed genome en-
gineering, three components thus have to be designed and introduced into the
cell/organism of interest: 7) a gRNA with the protospacer sequence of interest, 7) the Cas9

nuclease, and 7) a DNA donor template that comprises the custom-designed read-off se-
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quence to be integrated into the host genome. The gRNA is typically being introduced as a
chimeric single guide RNA, and should be designed to be as specific to the target site as
possible, such that the likelihood for off-target cleavage is minimized. For Cas9 delivery,
several different strategies have been employed (Wang H et al. 2016). Perhaps the simplest
is to use transient transfections to introduce plasmids encoding for both, the Cas9 and the
gRNA. An alternative, more elegant way is to utilize Cas9 ribonucleoproteins instead of
Cas9 plasmids to avoid an exhausting induction of double-strand breaks and therefore min-
imize the likelihood for NHE] (Wang H et al. 2016). The donor DNA is typically being
introduced as single-stranded DNA, due to its lower cell toxicity as compared to double-
stranded DNA. Importantly, the donor DNA needs to comprise matching homology arms,
however, small silent point mutations need to be introduced to inhibit PAM sequences and

thus cleavage of the donor strand.

All in all, the development of the CRISPR/Cas9 system as a genome editing tool has tre-
mendously expedited our ability to engineer cell lines or organisms with defined custom-
introduced or even corrected mutations. However, several challenges in terms of control
and efficiency remain yet to be tackled (Wang H et al. 2016). Two important concerns in
the context of this thesis are 7) the possibility of off-target effects, and 7) the occurrence of
NHE] instead or next to the desired HDR. Off-target effects may arise not only because
the protospacer-plus-PAM sequence might be present elsewhere in the genome, but also
because it has been demonstrated that Cas9 can tolerate up to five mismatches within the
guide sequence (Hsu et al. 2014). Further, alternative Cas9-recognized PAM sequences, e.g.
5’-NAG, have been reported (Hsu et al. 2014), such that both, 5-NGG and 5-NAG need
to be considered when evaluating potential off-target sites. The occurrence of imprecise
NHE]J, and, in turn, insertion of indels, is a highly frequent concern in nuclease-based ge-
nome engineering, as in eukaryotic cells, NHE] naturally occurs at by far higher rates as
compared to HDR (Alberts et al. 2008). Accordingly, modulating the HDR:NHE] ratio
towards HDR is an important step when employing CRISPR/Cas9, and a number of ex-
perimental strategies have been developed to increase the ratio (Wang H et al. 2016).

1.8 CRISPR/Cas9-mediated Endogenous Fluorescent Labeling

One of many applications of the CRISPR/Cas9 system, or genome engineering in general,
is endogenous fluorescent labeling of cellular component such as proteins. Unlike in plas-
mid-driven overexpression of target-protein-fluorescent-protein-constructs (see Section
1.6), the sequence encoding for a fluorescent protein can here be integrated into the specif-
ic genomic locus of a target protein, such that the resulting fluorescent fusion protein is
being expressed endogenously under the target protein’s native promotor, and thus at
close-to-native expression levels (Ratz et al. 2015). Such endogenous fluorescent tagging, in
principle, overcomes general concerns of transfection- or overexpression-based fluorescent

labeling (Section 1.6), and should allow for live-cell imaging as well as functional studies in



1 Introduction 12

longitudinal experiments. If applied to pluripotent stem cell lines such as hPSC, an unlim-
ited number of fluorescently labeled differentiated cells can be derived from the knock-in
stem-cell line, which is particularly intriguing, when aiming for fluorescent labeling in non-

proliferative cell types, such as cardiomyocytes or neurons.

Since the first demonstration of CRISPR/Cas9 as a genome editing tool in 2013, a number
of articles have been published presenting successful endogenous fluorescent protein label-
ing in human cell lines. Ratz et al. (2015) first reported endogenous protein tagging for
fluorescent live-cell imaging, when they tagged three proteins (vimentin, zyxin, and high
mobility group AT-hook 1) in human U20S cells with the fluorescent protein rsEGFP2. In
total, they generated three homozygous and 27 heterozygous knock-in cell lines. In all het-
erozygous lines, insertion of 1 to 11 base pair indels was observed in the untargeted allele,
which resulted in either a frame-shift mutation or no mutated protein, depending on
whether the indel occurred in the coding region, or in the untranslated region. Despite the-
se indels, the authors showed that typical overexpression-induced artefacts were avoided
via endogenous labeling, and were able to perform sub-diffraction resolution imaging on
the knock-in cell lines. Roberts et al. (2017) generated 10 hiPSC lines with different GFP-
labeled proteins, including beta-actin and non-muscle myosin heavy chain I1a. Notably, the
authors observed robust expression of pluripotency markers, suggesting that the level of
differentiation of these stem-cell lines remained unaltered during the knock-in process. In
2018, Sharma et al. (2018) published first results from a study which was conducted simul-
taneously to this thesis project, and which aimed to fluorescently label sarcomeres in hPSC-
CM. The authors here demonstrated endogenous fluorescent tagging of titin in functional
hiPSC-derived cardiomyocytes, and showed proof-of-principle epifluorescent imaging of

beating fluorescent CM at up to 40 fps for dynamic analysis of contractility.

Most recently and during the write-up of this thesis, Passier and colleagues published a
mRubylI-ACTN2 and GFP-NKX2.5 double reporter line (Ribeiro et al. 2020), which the
authors generated via CRISPR/Cas9-mediated genome editing in a previously charactetized
hESC line comprising a GFP-NKX2.5 transgene. Similar to our approach, the authors then
derived CM with a fluorescent ACTN2 tag and investigated the contractile response to

substrate stiffness.

1.9 Aims of this Thesis

The aim of this thesis project was to develop a stable fluorescence indicator system which
allows for the robust zz-vitro characterization of sarcomere contractility of hPSC-CM in live-
cell microscopy. The novel indicator system was designed to label one of the sarcomeric
proteins, and as such to allow for longitudinal studies which should a) help in understand-
ing basic mechanisms of sarcomere dynamics and synchronization of hPSC-CM, and b)

prove useful to the potential use of hPSC-CM in high-throughput drug screening assays.
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We hypothesized that

A) The sarcomeric network in functional hPSC-CM can be fluorescently tagged via
endogenous labeling

B) Endogenous fluorescent labeling allows for robust longitudinal studies in high-
speed, live-cell fluorescence microscopy

C) Micropatterning of fluorescently labeled hPSC-CM facilitates high-throughput
analysis of sarcomere contractility under defined experimental conditions

D) Computer-based automated analysis of sarcomere contractility allows for the ex-
traction of mechanistic insight from the morphological feedback of fluorescently

labeled sarcomeres

We further sought to prove applicability of the fluorescence indicator system to the analysis
of how ECM rigidity influences sarcomere contractions and to the evaluation of drug inter-

ference on CM contractility.
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2 Materials and Methods

2.1 Cells and Cell Culture

2.1.1 Human Embryonic Stem Cells

The import and experimentation with human embryonic stem cells was approved by the
Central Ethics Committee for Stem Cell Research (ZES, permit #12, AZ 1710-79-1-4-10).
Human embryonic stem cells, line 2 (HES-2) were obtained from Embryonic Stem Cell
International (Singapore) and initially adapted to cell culture in hES medium (Section 6.3)
on y-irradiated human foreskin fibroblasts (SCRC-1041, American Type Culture Collection,
Manassas, USA) as feeder cells2. After feeder removal, cells were plated to T-75 flasks coat-
ed with growth factor-reduced Matrigel™ (Cat 354230, BD Biosciences, Franklin Lakes,
USA) and cultured in E8 medium (Section 6.3) with daily media changes at 37 °C and 5%
CO,. Passaging of HES-2 was conducted every two to three days at roughly 80% confluen-
cy in 0.5 mM ethylenediaminetetraacetic acid (EDTA) solution (Section 6.4).

2.1.2 Transgenic HES-2-derived Cardiomyocytes

After CRISPR/Cas9-mediated genome editing for an ACTN2-Citrine fusion protein and
differentiation of the transgenic HES-2 lines (HES-2-ACTN2-Citr) to CM (Section 2.2),
HES-2-ACTN2-Citr-derived CM (HES-2-ACTN2-Citr-CM) were cultured in Matrigel™-
coated T-25 or T-75 flasks in serum-free basal medium (RPMI basal medium, Section 6.3)
at 37 °C and 5% CO.,. After differentiation, HES-2-ACTN2-Citr-CM were cultured at least
five days prior to preparation for experiments, while the culture medium was changed eve-
ry other day. For experiments, CM monolayers were single-cell dissociated (Section 6.4),
and plated to the experimental culture dish of interest (Section 2.3). Single-cell dissociation
was conducted at least three days prior to experiments. Contractility experiments (Section
3.3) were run in either, RPMI basal medium at 0.4 mM Ca®*
Eagle's medium (DMEM, Section 6.3) at 0.8 mM Ca®’, as noted in the respective Results

or in Dulbecco's modified

b

sections. If experiments were conducted in DMEM, culture medium was changed from

RPMI to DMEM after plating to the experimental culture dish.

2 HES-2 maintenance on feeder cells and feeder removal was pursued by Mrs. Daria Reher, Iris Quentin, and
Krasimira Sharkova, Institute of Pharmacology and Toxicology, University Medical Center Goettingen.
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2.2 CRISPR/Cas9-mediated Endogenous Tagging of Sarcomeric
Alpha-Actinin

To visualize Z-bands in live hESC-derived CM, we aimed to endogenously label sarcomeric
actinin in HES-2 with the Citrine variant of the yellow fluorescent protein (YFP) via the
CRISPR/Cas9 system. We chose Citrine as our fluorescent marker protein, as it exhibits
strong, photostable fluorescence (Griesbeck et al. 2001), and as it is well-suited for our

custom-built 592-nm stimulated emission depletion microscopy system.

2.2.1 Design of CRISPRs and Donor Vectors

Intending to tag the C-Terminus of ACTNZ2, we aimed to integrate the Citrine coding se-
quence at the 3’-end of the last exon (exon 21) in the ACTN2 gene sequence (Figure
2-1-A). To this end, we i) obtained two gRNAs (Sigma Aldrich Chemie GmbH, Taufkir-
chen, Germany) with 19 bp binding domains adjacent to PAM sequences within close prox-
imity of the exon-21 STOP codon (Figure 2-1-B) and Table 2-1), and ii) designed three
matching donor DNA strands, such that the gRNA/donor pairs would facilitate insertion
of the Citrine coding sequence via HDR.

A) ACTN2 Exons Linker STOP
I B Bl W Citrine YFP
PAM
B) 57 .. .CGTTCTCTTCCGCACTCTACGG. . .3’
37 G(‘Z?Z—\(;?(;??(I (I (I‘(I STG A( A?( sCC...57
57 CGTTCTCTTCCGCACTCTACGG —_— 3
binding domain gRNA
C) 5 arm Citrine 3’ arm
680 bp 720 bp 680 bp

Figure 2-1: Design of gRINAs and donor vectors. (A) Intended position of the Cit-
rine coding sequence in the genome after editing. Citrine was inserted immediately be-
fore the endogenous stop codon of the last exon in the ACTN2 gene sequence. (B)
Schematic illustrating the base pairing between the gRNA’s binding domain (here:
gRNA-2) and the genomic DNA. (C) Schematic of the donor vectors. The donor vec-
tors were comprised of the Citrine coding sequence flanked by left and right homology

arms.

In detail, the donor vectors were comprised of the Citrine coding sequence (717 bp)
flanked by left and right homology arms of roughly 700 bp in lengths (see Figure 2-1-C).
One donor strand, termed SerGG, was designed to match gRNA-1. Here, we introduced
the silent mutation TCC = TCT (encoding for the amino acid Serine) in the left homol-
ogy arm, to inhibit gRNA-1’s PAM sequence and thus cleavage of the donor strand (Table
2-2). In the case of gRNA-2, the PAM sequence CGG was part of the codon GGG encoding
for Glycine. As all existing codons encoding for Glycine are of type GGn (Alberts et al.
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2008), the PAM sequence could not be inhibited directly, and we thus introduced four?
silent mutations (TCC = TCT, CTC => TTG, and GCA => GCT) to inhibit base pait-
ing between gRNA-2’s binding domain and the donor strand (see Table 2-2). This second
donor strand we termed 4Mut. Last, we designed a third donor strand termed Linker, in
which we introduced an extra sequence encoding for the short linker peptide (Gly);-Ala
between the left homology arm and the Citrine coding sequence. This flexible linker pep-
tide was inserted to minimize potential folding perturbation between Citrine and ACTN2
(Doyle and Botstein 1996). The donor strand Linker comprised all above silent mutations
to work with both gRNA-1 and gRNA-2.

Table 2-1: Binding domain sequences of gRNAs.

gRNA Name  Sequence (5’ to 3%)

gRNA-1 CCGCACTCTACGGGGAGAGCGA

gRNA-2 CGTTCTCTTCCGCACTCTACGG

Red writing denotes PAM sequences.

Table 2-2: Endogenous DNA sequence and sequences of donor vectors.

Donor name Sequence
Endogenous (..) =TCC-GCA-CTC-TAC-GGG-GAG-AGC-GAT-CTG- Sl
SerGG (..) ~TCH-GCA-CTC-TAC-GGG-GAG-AGC-GAT-CTG-
et c1TRINE -l
AMut (...) ~TCl-GCl{-MTE-TAR-GGG-GAG-AGC-GAT-CTG-
" CITRINE-

(...) ~TCH-GCl{-WT[E-TAN-GGG-GAG-AGC-GAT-CTG-

Linker GEASGETEGEA=GET=6EATEET -C 1 TRINE -l

Sequences are only shown in the region of the near left homology arm. highlighting de-
notes silent mutations, which were introduced to inhibit cleavage of the donor strands. Red
writing marks the PAM sequences of the respective gRNAs. Highlighted in . is the endoge-
nous STOP codon. CITRINE denotes the coding sequence for Citrine YFP, and highlighted in
green is the sequence encoding for the small linker peptide (Gly)s-Ala, which was inserted in the

case of the donor termed Linker.

We purchased the donor DNA strands cloned into pUC57-Kanamycin plasmids
(GENEWIZ UK, Takeley, UK), and in order to obtain linear DNA donor vectors, we

3 We here also introduced a 5% silent mutation, namely TAC = TAT, where the C is part of the PAM se-
quence. However, as the PAM sequence is not part of the actual binding domain of the gRNA, this might
not have had an effect on the base pairing between gRNA-2 and the donor strand.
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amplified the insert via PCR using custom-designed primers (Table 6-1, Sigma Aldrich
Chemie GmbH, Taufkirchen, Germany). The full sequences of the complete linearized
donor strands are listed in Table 6-3.

The chimeric gRNAs were provided in ready-to-use CRISPR plasmids (Sigma Aldrich
Chemie GmbH, Taufkirchen, Germany), which encoded both the respective gRNA (U6
promotor) and the Cas9 nuclease (CMV promotor). Moreover, a green fluorescent protein
(GFP) was fused to the C-terminus of the Cas9, such that in the CRISPR workflow, Cas9-
expressing cells could be selected via FACS (Section 2.2.2).

2.2.2 Integration of Citrine YFP into the ACTN2 Gene Locus

To integrate Citrine* into the ACTN2 Gene Locus, we co-transfected wild-type HES-2
with the gRNA/Cas9 plasmids and accordant donor DNA. Transfection was pursued via

electroporation with cells in solution.

To prepare HES-2 for electroporation, cells were cultured in E8 medium in Matrige]™-
coated T-75 culture flasks and passaged three days prior to transfection (Section 2.1.1). For
electroporation, HES-2 were digested using 0.5 mM EDTA and were resuspended in E8
medium with 10 uM ROCK inhibitor. Cells were then counted, centrifuged (4 min at
200 x g), and for each CRISPR/donor pair, 2 x 10° cells were carefully resuspended in
100 uL. of Amaxa™ buffer (Lonza, Basel, Switzerland). 3 ng of gRNA/Cas9 plasmid and
3 pg of linearized donor DNA were mixed into the cell suspension, and the samples were
transferred into Amaxa™ electroporation cuvettes (Lonza, Basel, Switzerland). Cells were
then electroporated using program A-23 of the Amaxa™ Nucleofector™ (Lonza, Basel,
Switzerland). Immediately after electroporation, 500 ul of E8 medium with 10 uM ROCK
inhibitor were added to the suspension and the samples were transferred to Matrige]™-
coated T-25 culture flasks with E8 medium containing 10 uM ROCK inhibitor equilibrated
at 37 °C. After 24 hours, E8 medium was changed, now containing no ROCK inhibitor. 48
hours after transfection, GFP-positive cells were FACS sorteds into Matrigel™-coated 96-
well tissue culture plates containing E8 medium with 10 pM ROCK inhibitor to obtain
single cell clones. As Cas9 enzymes were tagged with a GFP marker, transient exhibition of
GFP signal indicated the expression of the gRNA/Cas9 plasmids within the HES-2. 24
hours after FACS sorting, E8 medium was changed and clones were cultured onwards with
daily media changes at 37 °C and 5% CO,,.

One week after FACS sorting, clones were briefly examined using a binocular to rule out
obvious polyclonality, and 12 to 14 days after FACS sorting, clones were re-seeded into
two 96-well plates for each CRISPR/donor pair, respectively. Cells in one 96-well plate

# Herein and after, “integration of Citrine”, in fact, refers to the integration of the DNA sequence encoding
for Citrine into the ACTN2 gene locus, as described in Section 2.2.1.

> FACS sorting was conducted at the Cell Sorting Facility of the University Medical Center Goettingen with
help of Mrs. Sabrina Becker.
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were continued to be cultured, whereas cells in the second 96-well plate were used for PCR
genotyping (Section 2.2.3). Citrine-positive clones were cultured further and passaged to
increasingly larger area culture dishes. Clones were finally used for differentiation into car-
diomyocytes (Section 2.2.4) or frozen to -80 °C for later use. Figure 2-2 illustrates the over-

all workflow of the genome editing process.

Day 0 Seed wild-type hESC2
Day 3 Co-transfect hESC2

with CRISPR/Cas9 plasmids
Day 5 Single-cell FACS into 96-wells

(fluorescene signal from Cas9-GFP tag)
... Expand clones ...

Day 19 Genotype for succesful gene integration

... Expand Citrine+ clones ...

Day 33 ‘ Harvest Citrine+ clones = == == == == = Differentiate into CM (4 weeks)

Figure 2-2: Workflow of the genome editing process using CRISPR/Cas9. Briefly,
wild-type HES-2 were seeded and co-transfected with CRISPR/Cas9 and donor plasmids.
Cells positive for a Cas9-GFP tag were single-cell sorted into 96-wells. The clones were
then genotyped for successful gene integration, and Citrine-positive clones were eventually

harvested and differentiated into cardiomyocytes.

2.2.3 Genotyping of CRISPR/Cas9-modified HES-2

As sarcomeric a-actinin is not being expressed in undifferentiated stem cells (Peran et al.
2010; Shen et al. 2016), we used PCR and gel electrophoresis for genotyping to test wheth-
er integration of Citrine had succeeded. For PCR, we custom designed forward and reverse
primers binding roughly 500 bp before and behind the Cas9 cleaving sites, respectively
(Table 6-2). For an integrated Citrine, PCR yielded amplifying products of roughly 1700 bp
in lengths, whereas the unmodified fragment was roughly 1000 bp in length. Gel electro-
phoresis of the PCR products thus yielded a) solely a short (1000 bp) band for an unmodi-
fied genome, b) a short and a long (1700 bp) band in the case of successful but heterozy-
gous integration of Citrine, and c) solely a long band for successful and homozygous modi-

fication (see Figure 2-3). PCR and gel electrophoresis protocols are listed in Section 6.4.
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Donor template Southern blot
[bp] (schematic)
for 720 bp PCR 1700 — Gl aEn
Citrine —
rev 1000 — D G
500 bp 500 bp neg het hom

Figure 2-3: PCR genotyping to monitor successful gene integration. To test for
successful integration of Citrine into the ACTN2 gene locus, we custom-designed for-
ward and reverse primers binding roughly 500 bp before and behind the Cas9 cleaving
sites (Table 6-2). PCR using these primers and subsequent gel electrophoresis thus yield-
ed a) solely a short (1000 bp) band for an unmodified genome, b) a short and a long
(1700 bp) band in the case of successful but heterozygous integration of Citrine, and c)
solely a long band for successful and homozygous modification. Right-hand schematic

represents no real data.

2.2.4 Cardiac Differentiation of HES-2-ACTN2-Citr

Cardiac differentiation of transgenic HES-2 lines (HES-2-ACTN2-Citr) was pursued in 2D
and according to an optimized protocol (Hudson et al. 2012; Tiburcy et al. 2017)s. In brief,
HES-2-ACTN2-Citr were plated at 2 x 10° cells/cm? in Matrigel®-coated T-25 flasks and
cultured in E8 medium (see Section 6.3) for four days. Subsequently, the cells were cultured
in mesodermal induction medium (Section 6.3) for three days, before being cultured in
cardiac differentiation medium (Section 6.3) for another nine days. The cells were then
cultured for a further five days in serum-free RPMI basal medium (Section 6.3). To elimi-
nate non-myocytes via metabolic selection, the differentiated cells were finally cultured in
selection medium (Section 6.3) for three days. Last, HES-2-ACTN2-Citr-CM were cultured
in RPMI basal medium (Section 6.3) for recovery for another five days, before being pre-

pared for downstream application.

2.3 Micropatterning of hPSC-derived Cardiomyocytes

To provide an anisotropic microenvironment for defined experimental conditions in po-
tential high-throughput analysis of CM contractility, we aimed to micropattern hPSC-CM,
or HES-2-ACTN2-Citr-CM in particular, to rectangular geometries of aspect ratio 7:1. To
further investigate the influence of ECM rigidity on CM contractility, we employed micro-
patterning on substrates of two different stiffnesses. On the one hand, we micropatterned
hPSC-CM on hard glass substrates, and, on the other hand, we plated CM on 15 kPa elas-
tomer substrates to mimic the physiological microenvironment in the heart (Berry et al.

20006). Off-the-shelf substrates were purchased commercially (u-dishes, Cat 81158 (glass)

¢ Cardiac differentiation was conducted by Krasimira Sharkova, Institute of Pharmacology and Toxicology,
using the facilities of the Stem Cell Unit — Goettingen at the University Medical Center Goettingen.
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and Cat 81391 (15 kPa), ibidi, Martinsried, Germany). Of the various ECM proteins availa-
ble, we chose synthetic, animal-free vitronectin (Synthemax® II-SC substrate, Corning,
Corning, USA). Throughout the project, three ECM proteins (laminin, fibronectin, and
Synthemax®) were tested, and patterning of hPSC-CM on Synthemax® islands was most
reliable, while it qualitatively also supported best contractile and morphologic properties

(data not shown).

2.3.1 Design of Cell Patterns and Corresponding Photomasks

In the scope of this project, two separate photomasks with different cell patterns were de-
signed. One photomask, named “Seven to One”, was designed to provide rectangular
stamp areas for isolated, single-cell cardiomyocytes of three different cell sizes at aspect
ratio 7:1 (Figure 2-4-A). The second mask, named “Cell Talk”, was designed to investigate
the interaction between two cells. It provided stamp areas for pairs of cells, in which each
two cells were seeded at different spacing (1 um to 40 um) and different respective geome-
tries (parallel, in row, perpendicular; Figure 2-4-B). In the case of this second mask, all cells

were of dimensions 70 um x 10 um. The spacing between pairs was 100 pm.
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Figure 2-4: Design of cell patterns. Schematic depicting cell patterns for microcontact

printing. (A) Patterns of the photomask named “Seven to One”, which provided rec-
tangular patterns for isolated, single-cell CM of three different cell sizes at aspect ratio
7:1. (B) Patterns of the photomask named “Cell Talk”. Here, each two cells were seeded
at different spacing (1 um to 40 um) and three different respective geometries, and all

cells were of dimensions 70 um x 10 um. The spacing between pairs was 100 um.

Drawings of the cell patterns were created using the software AutoCAD (Autodesk Inc.,
San Rafael, USA). The respective custom-designed soda-lime photomasks were purchased

commercially (Compugraphics, Jena, Germany).



2 Materials and Methods 21

2.3.2 Microfabrication of Photoresist Masters via Soft Contact Lithography

Photoresist masters used as moldings for the production of polydimethylsiloxane (PDMS)
stamps were fabricated by standard concepts of soff /ithography inside a class 100 cleanroom
(Xia and Whitesides 1998; Qin et al. 2010). Briefly, Czochralski silicon wafers (Microchem-
icals GmbH, Ulm Germany) were spin-coated with Series 3000 SU-8 negative epoxy-based
photoresists (MicroChem, Newton, USA). Wafers were then illuminated through custom-
designed soda-lime photomasks (Compugraphics, Jena, Germany), developed in photo
developer to wash away non-illuminated regions of photoresist, and finally silanized before

use for the fabrication of PDMS stamps (Figure 2-5).
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Figure 2-5: Fabrication of photoresist masters. Briefly, 8 or 30 um thick layers of SU-8

negative photoresist were spin-coated onto silicon wafers and illuminated via custom-

designed soda-lime photomasks. The wafers were then photo developed, resulting in mi-

crostructured photoresist patterns with cavities in the desired geometry.

Depending on the stiffness of the substrate to be micropatterned, we produced stamps and
thus moldings of different depths. For stamping on hard glass substrates (Section 2.3.4), we
aimed for 8 um deep stamps and thus 8 um deep moldings. To this end, we used type 3005
SU-8 negative photoresist (MicroChem, Newton, USA) and optimized our cleanroom pro-
tocol according to the Series 3000 SU-8 data sheet. First, wafers were cleaned in acetone in
an ultrasonic bath for 10 minutes before being rinsed with isopropanol. After nitrogen-
blowdrying, wafers were spin-coated with type 3005 SU-8. 2 ml of SU-8 were dispensed on
the 2-inch wafers, and wafers were spun i) at 500 rpm for 10 seconds (ramp 100 rpm/s)
and then ii) at 1800 rpm for 30 seconds (ramp 300 rpm/s), resulting in an 8 um deep layer
of photoresist. Wafers were soft-baked immediately afterwards on a 95 °C hotplate for five
minutes. After cooling for 15 minutes, the wafers were then illuminated through the pho-
tomask for three seconds using a Karl Siss MJB4 mask aligner (Siss Microtech AG,
Garching, Germany) operating in soft contact mode at a total power of 150 mJ/cm” at
wavelengths 290 nm and 365 nm. Illumination was directly followed by post-exposure bake
(PEB) at 65 °C for one minute and two minutes at 95 °C. Wafers were cooled for another
15 minutes and then developed by gently shaking them in AV-rev 600 photo developer
(Microchemicals, Ulm, Germany) for two minutes and 40 seconds. After stopping the de-
velopment in a gentle flow of isopropanol for 30 seconds, wafers were nitrogen-blowdried
and hard baked on a 150 °C hotplate for 30 seconds.
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Finally, the photoresist masters were silanized in order to prevent strong adhesion between
the photoresist and the PDMS during stamp fabrication (see Section 2.3.3). To this end, the
masters were placed inside a vacuum desiccator along with a small beaker containing a few
drops of chlorotrimethylsilane (Sigma Aldrich Chemie GmbH, Taufkirchen, Germany).
The vacuum pump was switched on for 30 minutes, and the masters were kept inside the
vacuum overnight. The vacuum induced formation of silane vapors and ensured silaniza-
tion of the photoresist. The next day, masters were baked in an oven at 70 °C to finalize

silanization.

For stamping on soft elastomer substrates (Section 2.3.5), we aimed for stamps and thus
moldings of 30 um in depths. Here, we used type 3025 SU-8 negative photoresist (Micro-
Chem, Newton, USA; ~ 2 ml per wafer), and the microfabrication process was similar to
that for 8 um moldings, however, with slight differences described as follows. Spin-coating
was petformed i) at 500 rpm for 10 seconds (ramp 100 rpm/s) and ii) at 3500 rpm for 30
seconds (ramp 300 rpm/s), resulting in a 30 um deep layer of photoresist. Soft baking time
was 15 minutes, exposure time was 12 seconds, and PEB time was one minute at 65 °C,
followed by five minutes at 95 °C. Finally, as the standard development procedure did not
yield sufficient results for these relatively deep cavities, we sonicated the wafers in develop-
er for five minutes, followed by an extra five minutes of gentle shaking in developer. Hard
bake time was one minute at 150 °C. Silanization with chlorotrimethylsilane was performed

as with 8 um deep masters.

2.3.3 Fabrication of PDMS Stamps

To produce PDMS stamps of 8 and 30 um in depths, first PDMS and curing agent (Sylgard
184 kit, Dow Corning) were mixed at ratio 10:1 before being degassed in a vacuum desicca-
tor for 20 minutes. Subsequently, roughly 5 mm thick layers of the PDMS mixture were
cast onto the photoresist masters and the mixture was degassed for another 15 minutes.
The PDMS was then cured at 60 °C for two hours. Finally, the cured PDMS was peeled off
the photoresist masters and the micropatterned regions were cut to roughly 1 cm x 1 cm-
sized stamps using a scalpel (Figure 2-6). Stamps were then sonicated in 70% ethanol for

15 minutes, air-blowdried, and stored in dust-free containers until further use.
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Figure 2-6: Fabrication of PDMS stamps. Briefly, a 10:1 mixture of PDMS and cur-
ing agent was cast onto the 8 pm or 30 um deep photoresist masters, degassed and cured
at 60 °C for two hours. The cured PDMS was then peeled off and the micropatterned

regions were cut to roughly 1 cm*-sized stamps using a scalpel.
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2.3.4 Printing on Hard Substrates

For microcontact printing on hard glass substrates, we used 8 um deep PDMS stamps (Sec-
tion 2.3.3), and our protocol was similar to that described by Thery and Piel (2009). Stamps
were incubated with 20 pg/ml of Synthemax® in PBS for 30 minutes at room temperature.
After 30 minutes, the excess ECM protein solution was aspirated off, and the stamps were
immediately washed once with PBS and twice with deionized water. Stamps were then air-
blowdried. In the meanwhile, the glass substrates were plasma-oxidized in a table-top
plasma cleaner (Harrick, Ithaca, USA) for 15 minutes in order to render the glass surface
hydrophilic for increased protein binding. Immediately after plasma cleaning of the sub-
strates, the stamps were inverted onto the substrates (Figure 2-7). For increased protein
transfer, 50 g weights were placed on top of the stamps, and stamps were kept in contact
with the substrates for 5-10 minutes. Stamps were then removed, and to block cell adhe-
sion to unstamped regions, substrates wete incubated with a 0.1 mg/ml poly(L-lysine)-g-
poly(ethylene glycol) solution (PLL-g-PEG, SuSoS, Duebendorf, Switzerland) in 10 mM
HEPES (pH 7.4) for 30 minutes at room temperature. The PLL-g-PEG-treated substrates
were finally washed extensively with PBS and stored immersed in PBS at 4 °C until the

seeding of cells.

Prior to cell deposition, PBS was exchanged for culture medium and substrates were equil-
ibrated to 37 °C for 45 minutes. 50 to 150 x 10° cells were then added to the solution and
substrates were placed inside a cell culture incubator at 37 °C and 5% CO,. After 30
minutes, substrates were washed in a gentle flow of medium to remove unattached cells.

Substrates were then placed back inside the incubator and attached cells were cultured until

imaging.
invert
ECM protein solution air- onto
N blowdry substrate IETr——
el el - e—
/ \ N
PDMS stamp 8 ym glass substrate

Figure 2-7: PDMS stamping on glass substrates. 8 um deep PDMS stamps were incu-
bated with 20 ng/ml of Synthemax® for 30 minutes. The protein solution was then air-
blowdried off, and the stamps were inverted onto the glass substrates, which had priorly
been rendered hydrophilic using a plasma cleaner. Finally, the stamps were removed and
the substrates were incubated with a 0.1 mg/ml solution of PLL-g-PEG to block un-

stamped regions.

2.3.5 Printing on Soft Substrates

For relatively soft substrates, like the 15 kPa elastomeres used in this project, conventional
microcontact printing via direct PDMS stamping did not yield reproducible results. We
thus turned to a method described by Hampe et al. (2014), in which the ECM proteins are
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deposited through cavities in microstructured lift-off epoxy membranes (Hampe et al.
2014). Briefly, membranes were formed from a UV-curable epoxy resin which was being
filled between a PDMS stamp and a glass slide, resulting in membranes which resembled
the negative of the PDMS stamps. The membranes were then placed onto the substrate
and the elastomer substrates were incubated with the protein solution through the micro-

structured cavities of the epoxy membranes (Figure 2-8).

PDMS stamp 30 um  epoxy resin (UV-curable)
...... ......0 = e
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Figure 2-8: Microcontact printing on relatively soft 15 kPa substrates. Briefly, a
30 um deep PDMS stamp was inverted onto a silanized glass slide, and a UV-curable
epoxy resin was filled between the stamp and the glass. The resin was then cured and the
stamp was lifted off the glass slide. Peeling off the cured resin off the glass yielded an
epoxy membrane which resembled the negative of the PDMS stamp. The membrane was
then placed onto the elastomer substrate and the substrate was incubated with the ECM

protein solution (Synthemax®) through the cavities of the epoxy membrane.

For epoxy membrane preparation, we used 30 pm deep PDMS stamps, as described in
Section 2.3.3. PDMS stamps, as well as glass slides, were silanized with trichlo-
ro(1H,1H,2H,2H-per-fluorooctyl)silane (Sigma Aldrich Chemie GmbH, Taufkirchen,
Germany) for 45 minutes in a vacuum desiccator. This step minimized the adhesion be-
tween the epoxy resin and the PDMS stamp as well as the adhesion between the epoxy
resin and the glass slide. The PDMS stamp with an additional 50 g weight was placed onto
the glass slide, and uncured epoxy resin (EPO-TEK OG142-87, J. P. Kummer, Augsburg,
Germany) was filled in between the stamp and the glass via capillary forces. The epoxy
resin was then cured on a UV light transilluminator table (Intas, Goettingen, Germany) for
30 minutes. Finally, the stamp was lifted off and the hardened epoxy membrane was peeled

off the glass slide and stored in a dust-free container until further use.

In order to form microstructured protein islands, the epoxy membranes were gently placed
onto the elastomers and the sandwich was incubated with the ECM protein solution. Dif-

ferently from Hampe et al. (2014), we did not degas the protein solution after deposition in
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a vacuum, as this step resulted in strong adhesion between the epoxy membranes and the
elastomer and thus destruction of the elastomer when lifting off the membranes. However,
previously to membrane deposition, we instead placed the elastomer into a plasma cleaner
for 15 seconds at low power level. This step increased adhesion between the proteins and
the elastomer, and minimized coating issues resulting from air bubbles in the cavities. After
membrane deposition, 20 pg/ml of Synthemax® in PBS were placed on top of the mem-
brane, and the elastomer substrate was incubated with the solution for 60 minutes at room
temperature. The excess protein solution was aspirated off and the culture dish was washed
three times with PBS. The epoxy membrane was then peeled off and the substrate was
incubated with a 0.1 mg/ml PLL-g-PEG solution in 10 mM HEPES (pH 7.4) for 30
minutes at room temperature, as described in Section 2.3.4. The PLL-g-PEG-treated sub-
strates were finally washed extensively with PBS and stored immersed in PBS at 4 °C until

the seeding of cells, as described in Section 2.3.4.

2.4 Fluorescence Microscopy

2.4.1 Resonant-scanning Confocal Microscopy

Fluorescence live-cell video imaging was performed using a commercial resonant-scanning
confocal microscope (TCS SP5 X, Leica Microsystems, Wetzlar, Germany). The micro-
scope system was equipped with a white-light laser source for fluorescence excitation, and a
resonant scanner, that allowed for high-frequency confocal microscopy at 8 kHz line scan-
ning. Unless noted, confocal images were recorded using a NA 1.4 63X immersion oil ob-
jective (HCX PL APO 63X / 1.40 - 0.60 Oil CS, Leica Microsystems, Wetzler, Germany)
with the confocal pinhole set to 1 Airy. Citrine YFP was excited at 514 nm, and emitted
fluorescence was collected via photo multiplier tubes, built into the TCS SP5 X system. To
ensure optimal culture conditions during live-cell experiments, video images were recorded
at 37 °C and 5% CO.,.

2.4.2 Immunofluorescence

In some characterization experiments, hPSC-derived CM were fixed and immunostained
for a-actinin 2 and/or actin. Sarcomeric actinin was labeled using an anti-ACTN2 primary
antibody from mouse (1:1000, Cat A7811, Sigma Aldrich, Taufkirchen, Germany), and
either, anti-mouse-Alexa633 from goat (1:250, Cat A-21052, Thermo Fisher Scientific, Wal-
tham, USA), or Oregon Green 488-conjugated anti-mouse from goat (1:250, Cat O-11033,
Thermo Fisher Scientific, Waltham, USA) as secondary antibodies. Labeling of actin was
conducted using phalloidin-Atto550 (1:250, Cat 19083, Sigma Aldrich, Taufkirchen, Ger-

many). The detailed protocol for immunolabeling is listed in Section 6.4.
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Fluorescence images of immunostained hPSC-CM were recorded with either, the above-
described confocal microscope, or an inverted epifluorescent microscope (AxioVert, Zeiss,

Oberkochen, Germany) equipped with a 10X air objective and a mercury arc lamp.

2.5 Video Image Analysis

To analyze confocal video images, each consisting of roughly 350-400 frames, we custom-
developed an analysis algorithm, which yielded not only basic characteristic parameters of
cardiomyocyte beating, but also allowed for the evaluation of the coherence of sarcomere
contractions within single cardiac myofibrils. Scripting was performed in Python®, version
2.7 (Python Software Foundation; Python Language Reference, version 2.7; available at
http:/ /www.python.org). Large parts of the video analysis sctipt were written by PhD can-
didate Daniel Haertter, M.Sc. (Drittes Physikalisches Institut, Georg-August-University
Goettingen). Parts of the video analysis script, namely the peak finding algorithm and sev-
eral minor adaptations, were re-written by the author of this thesis to meet the demands of
the video data recruited in the scope of this thesis. A copy of the video analysis script can
be found in the Appendix (Section 6.5). Meta-analysis Python® scripts, designed to sum-
marize the results from single video analysis and to perform statistical analysis as well as
data illustration, were written entirely by the author of this thesis. Analysis of all data

shown in this thesis was performed by the author.

As the development of the analysis algorithm was part of this thesis project, the detailed
algorithm is demonstrated in the Results section (Section 3.3.1). Notably, at the start of the
analysis of each beating CM, the raw image time series were transferred to Image]-based
Fiji, version 2.0 (Schindelin et al. 2012). Here, the intensity profiles along the myofibrils of
interest over time were extracted and saved into data spreadsheets using the Image]/Fiji
macro StackProfileData (StackProfileData.txt, available at https://imagej.nih.gov/ij/
macros/). The data spreadsheets were then transferred to Python®, and the custom-

written analysis algorithm was employed.

2.6  Statistics

Unless noted, data are presented as mean * one standard deviation (STD). Statistical analy-
sis was performed in Python® using Student’s unpaired t-test when comparing two groups.
In the case of concentration-response curves, we performed a repeated measures analysis
of variance (rmANOVA) with post-hoc paired t-tests for pairwise comparisons. Normal
distribution was assumed, values of p < 0.05 were considered statistically significant. In
boxplot data illustrations, boxes represent 1% and 3" quattiles, red lines represent the medi-

an, and whiskers represent minimal and maximal values observed.
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3 Results

3.1 Micropatterning of hPSC-derived Cardiomyocytes

As described in Section 2.3, we aimed to employ the techniques of microcontact printing to
force hPSC-CM to assume physiological aspect ratios of 7:1. In Section 3.1.1, we describe
several crucial steps in implementing the technique and optimizing it to our specific needs.
In Sections 3.1.2 and 3.1.3, we show the resulting cardiomyocyte patterns on glass and

15 kPa elastomer substrates, respectively.

Notably, the micropatterning process was implemented in our laboratories before the ge-
nome-edited knock-in lines were available, such that the micropatterning was established
using hiPSC-CM as test cells (available in-house (Tiburcy et al. 2017), generated using Cy-
toTune Sendai virus reprogramming kit, Thermo Fisher Scientific, Waltham, USA). Ac-
cordingly, microscope images of micropatterned CM in the following subsections display
hiPSC-CM rather than HES-2-CM. Handling and micropatterning of hiPSC-CM was the
same as for HES-2-CM (Tiburcy et al. 2017).

3.1.1 Fabrication of Photoresist Masters and PDMS Stamps

The first crucial step in implementing the micropatterning technique was the optimization
of the soft lithography process such that it reproducibly yielded well-defined photoresist
moldings for the fabrication of the PDMS stamps. In the case of 8 um deep masters, the
cleanroom process was relatively straightforward. Here, the main step that needed to be
optimized was to adjust the exposure time to the thickness of the type-3005 SU-8 negative
photoresist layer, and we narrowed it down to three seconds for our setup. Figures 6-1-A
and 6-1-B show 8 um deep masters which were exposed for three and eight seconds, re-
spectively. The small structures on the wafer in Figure 6-1-B show clear signs of overexpo-
sure where the photoresist couldn’t fully be washed out during the development process,
whereas all structures in Figure 6-1-A were fully developed. Figures 3-1-A and 3-1-B show
higher magnification images of final 8 um deep masters illuminated for three seconds via
photomasks “Seven to One” and “Cell Talk”, respectively (Section 2.3.1). The images
clearly show well-resolved structures, even in the case of the Cell Talk geometries, where

the spacing of rectangles was only 1 um (upper right and lower right of Figure 3-1-B).
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Figure 3-1: 8 pm deep photoresist masters. (A) Wafer illuminated through photomask
“Seven to One”. (B) Wafer illuminated through photomask “Cell Talk”. The images clearly
show well-resolved structures, even in the case of the Cell Talk geometries, where the spac-
ing of rectangles was only 1 um (upper right and lower right of panel (B)). Images recorded
with an upright bright-field microscope (Leica DLM 4000, Leica microsystems, Wetzlar,
Germany). Scale bars 100 um.

In the case of 30 pm deep masters, the clean room process was more cumbersome. Next to
optimizing the exposure time for the type-3025 SU-8 negative photoresist to 12 seconds,
the most crucial step was within the photo development process. As the depth of the cavi-
ties (30 pm) was relatively large with respect to the width of the smallest rectangles (10 um),
simple shaking of the wafers in photo developer did not yield sufficient results (Figure 6-2).
We here had to introduce an extra step, during which the wafer was sonicated in photo
developer for five minutes. Figures 3-2-A and 3-2-B show images of 30 um deep photore-
sist masters with patterns “Seven to One” and “Cell Talk”, respectively. Cleatly, the opti-
mized microfabrication process yielded well-resolved rectangular structures for 30 um deep

photoresist layers.

Figure 3-2: 30 pm deep photoresist masters. (A) Wafer illuminated through photomask
“Seven to One”. (B) Wafer illuminated through photomask “Cell Talk”. The images show
well-resolved rectangular structures. Images recorded with an upright bright-field micro-

scope (Leica DLM 4000, Leica microsystems, Wetzlar, Germany). Scale bars 100 um.
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Figures 3-3-A-D show confocal images of an 8 um deep and a 30 pm deep PDMS stamp
with patterns “Seven to One” at the end of the microfabrication process. For both stamps
both, x-y scans and x-z scans, are shown. The x-y scans indicate smooth and well-shaped
stamp faces in both cases, and the x-z scans indicate stamp depths of 8 um and 34 pum,
respectively. The intended depth in the case of the 30 um deep stamps was thus slightly
exceeded. However, as the intended 30 um rather displayed a minimal depth to fabricate
robust epoxy membranes (Section 2.3.5), and as the resulting thickness of epoxy mem-
branes yielded good results in the micropatterning process, we decided to work with these

34 um deep photoresist masters and stamps.
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Figure 3-3: Final PDMS stamps at the end of the microfabrication process. (A) x-y
scan of an 8§ um deep stamp with pattern “Seven to One”. (B) x-z scan of the 8 um deep
stamp, as indicated by the dashed line in (A). (C) x-y scan of a 30 um deep stamp with
pattern “Seven to One”. (D) x-z scan of the 30 um deep stamp, as indicated by the
dashed line in (C). The depth of the stamp was 34 um, and thus a little larger than the
intended 30 um. However, as the intended depth of 30 um rather displayed a minimal
depth in order to fabricate robust enough epoxy membranes (Section 2.3.5), and as this
thickness of epoxy membranes yielded good results, we decided to work with these 34 um
deep photoresist masters and stamps. Confocal images were recorded collecting reflected

light through a 10X air objective with the pinhole set to 1 airy. Scale bars 50 um.

3.1.2 Micropatterning of hPSC-derived Cardiomyocytes on Glass Substrates

With the optimized microfabrication protocol, microcontact printing on glass substrates via
conventional PDMS stamping (Section 2.3.4) was highly efficient and reproducible. Here,
the main difficulty was to determine the proper number of cells to be seeded per area of
stamping region/culture dish size. The challenge was to find the right balance between
having a good amount of protein islands occupied with cells on the one hand, but not ob-
taining double or multi occupations on the other hand. Figure 3-4 shows hiPSC-CM on
micropatterned glass substrates. Cells were fixed and immunostained for a-actinin 2 using

anti-ACTN2 primary antibodies from mouse and Oregon Green 488-conjugated anti-
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mouse secondary antibodies. In Figures 3-4-A and 3-4-B, 90,000 cells were seeded per ibidi
u-dish, in Figures 3-4-C and 3-4-D 160,000 cells were seeded. In Figure 3-4-A, roughly
61% of the protein islands were occupied with cells and only few double occupations oc-
curred. In Figure 3-4-C, almost all protein islands were occupied (~ 97%), however, in
roughly 38% there were double or multi occupations. As the size of ibidi p-dishes was
9.6 cm” in atea, and the final stamps were roughly 1 cm?, 90,000 cells and 160,000 cells per
dish corresponded to cell densities of about 9.4 x 10’ cells/cm® and 16.7 x 10° cells/cm”
(per area of culture dish) or 90 x 10° cells/cm® and 160 x 10° cells/cm” (per stamp area),
respectively. Cell densities of 9.4 x 10° cells/cm’ per area of culture dish consistently yield-
ed good results and seemed to be the proper cell density to meet the requirements of our

experiments.

All in all, Figure 3-4 indicates efficient microcontact printing on glass substrates and good

inhibition of cell adhesion to non-printed areas using PLL-g-PEG.

Figure 3-4: hiPSC-CM on Synthemax® micropatterns on glass substrates. Cells were
fixed and immunostained for a-actinin 2 (right-hand images). Images were recorded at the
center of the stamped area. (A), (B) 90,000 cells per ibidi pu-dish. (C), (D) 160,000 cells per
ibidi p-dish. Note that the cell patterns shown here were used during the earlier stages of

this project, when we had not yet decided on the final shapes of the cardiomyocytes. Scale
bars 100 pm.
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3.1.3 Micropatterning of hPSC-derived Cardiomyocytes on 15 kPa Elastomer

Substrates

On relatively soft 15 kPa elastomer substrates, microcontact printing via conventional
PDMS stamping with either 8 um or 30 um deep stamps did not yield sufficient results
(Figure 6-3). When placing the PDMS stamps onto the substrates, the stamps immersed
into the elastomer, which, most likely, resulted in formation of contact and thus protein
transfer between the stamps and the substrates not only at the defined stamp faces, but also
at the side walls of the stamp faces as well as at the level planes of the stamps. Going to
30 um deep stamps eliminated protein transfer from the level planes of the stamps, and
thus yielded slightly better results, however, protein transfer still occurred at the side walls

of the stamp faces.

As described in Section 2.3.5, we thus turned to a method described by Hampe et al.
(2014), in which the ECM proteins are deposited through cavities in microstructured lift-
off epoxy membranes. Employing this technique, we were able to conveniently micropat-
tern hPSC-CM on 15 kPa elastomer substrates (Figure 3-5). However, at the time when the
data for this thesis were recorded, micropatterning on 15 kPa elastomer substrates was not
as reproducible as on glass, as in many occasions the epoxy membranes would stick strong-
ly to the elastomer substrates, which resulted in the destruction of parts of the elastomers
when trying to lift off the epoxy membranes. We thus had to limit our experiments to in-

tact regions of the substrates’.

Figure 3-5: hiPSC-CM on Synthemax® micropatterns on 15 kPa elastomer sub-
strates. Cells were micropatterned using microstructured lift-off epoxy membranes, as first
described by Hampe et al. (2014). The cell patterns shown here were used during the earlier
er stages of this project, when we had not yet decided on the final shapes of the cardiomy-

ocytes. Scale bar 70 um.

7 As the project has continued behind the scope of this thesis, we have resolved this problem of strong adhe-
sion between the epoxy membranes and the elastomers by i) storing the uncured epoxy resin at 4 °C, and
ii) increasing the UV illumination time during the curing of the epoxy resin.



3 Results 32

3.2 CRISPR/Cas9-mediated Endogenous Tagging

As described in Section 2.2, we aimed to establish a genome-edited HES-2-derived cell line,
in which Citrine YFP was fused to the C-terminus of a-actinin 2. Editing the genome at the
stem cell level, and exploiting our group’s expertise in the differentiation of stem cells into
CM, yielded an, in principle, unlimited number of CM expressing the fusion protein

ACTN2-Citrine, thus an endogenous label of the sarcomeric network.

3.21 CRISPR/Cas9 Efficiency

24 hours after co-transfection of wild-type HES-2 (HES-2-WT) with the gRNA/Cas9 and
donor DNA plasmids, cells were analyzed and single-cell sorted into 96-well plates via
FACS. In our CRISPR plasmids, a GFP marker was fused to the Cas9, such that cells ex-
pressing Cas9 co-expressed a GFP and could be selected by their fluorescence signal. Fig-
ure 3-6 shows typical scatter plots and gating from FACS, here exemplified for the case of
gRNA-1 + donor DNA “Linket”. Between all gRNA/donor pairs used in this project,
transfection efficiency varied from 1.8% to 2.9% and was thus fairly low, however, at least
96 GFP-positive cells could be harvested for each gRNA/donor pair, respectively, to grow

a sufficient number of single-cell clones.
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Figure 3-6: Single-cell sorting of HES-2 expressing GFP-labeled Cas9. After co-
transfection of wild-type HES-2 with gRNA/Cas9 and donor plasmids, GFP-positive cells
were single-cell FACS sorted into 96-well plates. FACS work flow and settings are here
exemplified for the case of gRNA-1 + donor DNA “Linker”. Side scatter vs. forward scat-
ter plots were used to identify the cell cohort of interest. Further gating in forward scatter
width vs. forward scatter area plots as well as side scatter width vs. side scatter area plots
was conducted to discriminate doublets. In the final P3 gate, Cas9-positive cells were se-
lected via GFP intensity. FSC-A/W: forward scatter area/width; SSC-A/W: side scatter
area/width; GFP-A: GFP area.

One week after seeding into 96-well plates, the clones were checked by eye using a binocu-
lar to test for obvious polyclonality. Growth of clones could be observed in 16 to 27 wells
of each 96-well plate, respectively, corresponding to a total of 87 clones. In 14 to 20 of
these clones no obvious polyclonality was observed. One week later, i.e. two weeks after
seeding, only 81 of the 87 clones had continued to grow sufficiently, and these 81 clones
were PCR genotyped to examine successful integration of Citrine into the ACTN2 gene
locus (Section 2.2.3, primers listed in Table 6-2). Figure 3-7 shows the resulting electropho-
resis gels for the three clones which eventually were taken into differentiation and one rep-
resentative homozygous clone. Table 3-1 summarizes the results for all clones. PCR geno-
typing confirmed successful integration of Citrine (homo- or heterozygous) in 19 out of 81
analyzed clones. Heterozygous integration was observed in 15 clones, and homozygous
integration in four clones. For eight clones, DNA gel electrophoresis yielded unexpected
band patterns with fragment lengths other than ~ 1000 or ~ 1700 bp (data not shown).
Notably, the growth of all four clones with homozygous integration was significantly slow-
er than that of all others, and none of these clones were grown to amounts sufficient for

differentiation into CM.
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Figure 3-7: PCR genotyping of representative knock-in clones. PCR and
gel electrophoresis were performed two weeks after FACS. i) Negative control.
ii) Clone gRNA-1-SerGG-AS8: presumably heterozygous integration of Citrine
but polyclonal (see below). iii) Clone gRNA-2-4Mut-G6: heterozygous. iv)
Negative control. v) Clone gRNA-1-Linker-A8: homozygous. vi) Clone
gRNA-1-Linker-G6: heterozygous.

Table 3-1: Genotyping of CRISPR clones.

# clones

gRNA/donor genotyped hom. het. unspecific neg.

gRNA-1/SerGG 16 0 (0.0%) 1 (6.3%) 2(12.5%) 13 (81.3%)
gRNA-1/Linker 23 3 (13.0%) 4 (17.4%) 0 (0.0%) 16 (69.6%)
gRNA-2/4Mut 22 0 (0.0%) 5 (22.3%) 2 (9.1%) 15 (68.2%)
gRNA-2/Linker 20 1 (5.0%) 5 (25.0%) 4 (20.0%) 10 (50.0%)

Two weeks after FACS sorting, all sufficiently grown clones were PCR genotyped to monitor inte-
gration of Citrine into the ACTN2 gene locus (Figure 3-7). PCR genotyping confirmed homozy-
gous or heterozygous integration in 19 of the 81 analyzed clones. In the case of eight clones, as
listed in column “unspecific”, we observed an unexpected band pattern, with DNA fragment
lengths other than ~ 1000 or ~ 1700 bp.

3.2.2 Imaging of Bulk HES-2-ACTN2-Citr-derived Cardiomyocytes

Cells of three clones were eventually taken into cell culture for differentiation into cardio-
myocytes. The first cell line, termed HES-2-Citr-Linker, was produced using gRNA-1 and
donor DNA Linker. The second cell line, termed HES-2-Citr-4Mut, was obtained using
gRNA-2 and donor DNA 4Mut. The third cell line, termed HES-2-Citr-SerGG, was engi-
neered using gRNA-1 and donor DNA SerGG. This third cell line, however, turned out to

be polyclonal (Section 3.2.4), and was not further used for experiments.

Figure 3-8 shows bright-field and epifluorescence images of CM derived from each, HES-
2-Citr-4Mut (HES-2-Citr-4Mut-CM) and HES-2-Citr-Linker (HES-2-Citr-Linker-CM). The
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images were recorded roughly four weeks after start of differentiation, and in the T-25 cul-
ture flasks that were used during the differentiation process. As the objective lenses of the
microscope were not optimized for the thick plastic bottom of the T-25 flasks, the image
quality was relatively poor. However, the epifluorescence images clearly indicate bright
fluorescence signal with the exposure time set to only 250 ms. In fact, the signal was bright
enough to record time series at up to 10 fps even under these poor imaging conditions
(video data not shown). Notably, clear formation of organized myofibrils could be ob-

served in regions with lower cell density and clear ACTN2 striation patterns became visi-

ble.

D » o s -

Figure 3-8: Bulk HES-2-ACTN2-Citr-CM. Bright field and respective fluorescence im-
ages for line HES-2-Citr-4Mut (A+B) and for line HES-2-Citr-Linker (C+D). Images

were recorded in T-25 culture flasks roughly four weeks after the start of differentiation

and prior to the first digest. Exposure time was 250 ms in the case of the fluorescence im-

ages. Scale bars 100 pm.

To gain more detailed insight into sarcomere dynamics, we turned to high-speed confocal
video imaging by employing our 8 kHz resonant scanning confocal microscope (Section
2.4.1). Figure 3-9-A shows a single frame from a typical video of a 2-D monolayer of HES-
2-ACTN2-Citr-CM. CM, here derived from HES-2-Citr-4Mut, were seeded to confluent
monolayers on Synthemax®-coated glass. Figures 3-9-B and 3-9-C display detail views of
the marked area in Figure 3-9-A at two different time points. In Figure 3-9-B, the network
of CM/sarcomeres was at rest, whereas n Figure 3-9-C, the (synchronized) sarcomeres
were at peak contraction. The red lines marking two Z-lines clearly indicate movement of
Z-lines during contraction. Displacement of the labeled two Z-lines in between frames
could be estimated to roughly 0.5 um and 0.9 um, respectively. To illustrate the periodic

movement of Z-lines over time, Figure 3-9-D shows a kymograph of several sarcomeres
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labeled by the pink line in Figure 3-9-A (here ~ 7 seconds displayed; small inset shows ky-
mograph for 25 seconds). Cleatrly, the sarcomere contractions occurred highly periodically,

and the movement of Z-lines seemed highly homogenous.

Figure 3-9: Confocal video imaging of bulk HES-2-ACTN2-Citr-CM. CM, here
derived from HES-2-Citr-4Mut, were seeded to confluent monolayers on Synthemax®-
coated glass. Time series images were recorded five days after seeding and at 14.5 fps. (A)
Overview image of CM at relaxed state. (B), (C) Detailed views of area marked by pink
rectangle in (A). (B) Relaxed state. (C) Sarcomeres at peak contraction. Pink arrows and
red lines mark several same Z-lines for each time point, respectively, to illustrate move-
ment of Z-lines during contraction. (D) Kymograph illustrating periodic displacement of
Z-lines over time. Plotted Z-lines are indicated by pink line in (A). Intensity was averaged
over 10 scan lines in the y-direction. For illustration purposes, only 7 of 25 seconds of

recorded beating are displayed (compare small inset). Red arrows mark time points as
shown in (B) and (C). Scale bar 20 pm.

3.2.3 Micropatterning of HES-2-ACTN2-Citr-derived Cardiomyocytes

Figure 3-10 shows confocal images of live HES-2-ACTN2-Citr-CM on micropatterned
glass (Figure 3-10-A) and 15 kPa elastomer substrates (Figure 3-10-B). CM in panel A were
derived from HES-2-Citr-Linker, whereas CM in panel B were derived from HES-2-Citr-

4Mut. A high number of fluorescent, analyzable cells was available for parallel recordings.

It became evident that the cells in the center five rows, which were of sizes 70 pm x 10 pum,
expressed more organized myofibrils as compared to the larger cells in the top and bottom
rows (122 um x 17 um and 95 um x 13.5 um, both also aspect ratio 7:1). As this could be
consistently observed throughout all our experiments, we limited our analysis to cells of
size 70 um x 10 um = 700 um?, which resembles the spread area typically reported for
hPSC-CM in 2D culture and the aspect ratio found in adult cardiomyocytes (Section 1.1).

The overall level of sarcomere organization on the 15 kPa substrate in Figure 3-10-B
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seemed lower, as compared to the glass substrate in Figure 3-10-A, but notably, this im-
pression only held true for regions with poor micropatterning on the elastomer. At the time
when the data for this thesis were recorded, micropatterning on 15 kPa substrates was not
as reproducible as on glass, since in many occasions, lifting the epoxy membranes off the
elastomer substrates resulted in the destruction of parts of the elastomer, as described in
Section 3.1.3. We thus had to limit our data recording to the intact regions of the sub-
strates, however, even in partly disrupted elastomer regions, like the one shown in Figure

3-10-B, there were some well-assembled and analyzable cells, as indicated by the red arrow.

Figure 3-10: Micropatterning of live HES-2-ACTN2-Citr-CM. (A) CM derived from
HES-2-Citr-Linker on a glass substrate. (B) CM derived from HES-2-Citr-4Mut on a
15 kPa elastomer substrate. Micropatterning was pursued using PDMS stamps with pattern
“Seven to One” (i.e. three different cell sizes at aspect ratio 7:1). Center five rows (marked
by green box) show cells with typical sizes 70 um x 10 um, which were used for experi-
ments. Red arrow indicated intact CM despite locally disrupted elastomer (see text for fur-

ther remarks). Scanning images were recorded using a 10X air objective. Scale bars 100 um.

Figure 3-11 shows close-up confocal images of single micropatterned HES-2-ACTN2-Citr-
CM on glass and 15 kPa substrates for both, HES-2-Citr-Linker (Figure 3-11-Aa and-Ab)
and HES-2-Citr-4Mut (Figure 3-11-Ba and -Bb). Confocal images were recorded using a
63X immersion oil objective, and display single frames from video imaging at 18.2 fps.
Clearly, well-organized sarcomeric networks could be observed for both cell lines and on
both types of substrates. Together with Figure 3-10, these images demonstrate successful
micropatterning of HES-2-ACTN2-Citr-CM.
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Figure 3-11: Confocal imaging of micropatterned live HES-2-ACTN2-Citr-CM. Im-
ages display single frames from video imaging at 18.2 fps (Section 3.3). (Top) CM derived
from HES-2-Citr-Linker on a glass substrate (Aa) and on a 15 kPa elastomer substrate
(Ab). (Bottom) CM derived from HES-2-Citr-4Mut on glass (Ba) and 15 kPa (Bb). Scale
bars 10 pm.

3.2.4 Immunolabeling of HES-2-ACTN2-Citr-derived Cardiomyocytes

To test for the morphologically correct integration of Citrine and thus for the correct mor-
phologic labeling of Z-lines in HES-2-ACTN2-Citr-CM, we turned to immunolabeling.
HES-2-ACTN2-Citr-CM were seeded on micropatterned substrates, fixed and co-stained
for actin (phalloidin-Atto550) and «-actinin 2 (anti-ACTN2 from mouse, anti-mouse-
Alexa633 from goat). Figure 3-12 shows close-up confocal images of a single cardiomyo-
cyte derived from HES-2-Citr-Linker on a micropatterned glass substrate. Panel B shows
the endogenous fluorescence signal from Citrine, panel C represents actin, and channel D
represents a-actinin 2. Panel A shows the merged image of all three fluorescence channels.
Panels (B) and (D) indicate clear co-localization of Citrine and ACTN2. In panel (C), h-
zones become clearly visible, and thus ACTN2 and Citrine, which co-localize with the

bright lines in the actin channel, are located at the Z-lines, as intended.
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Figure 3-12: Correct morphological integration of Citrine. Micropatterned HES-2-
ACTN-Citr-CM were fixed and immunostained for actin (C) and o-actinin 2 (D). (B)
shows fluorescence signal of Citrine YFP. (A) shows merged images of all three fluores-
cence channels. Panels (B) and (D) indicate clear co-localization of Citrine and ACTNZ2. In
panel (C), h-zones become clearly visible, and thus ACTN2 and Citrine are located at the
Z-lines, as expected. CM shown here were derived from HES-2-Citr-Linker. The three
different fluorescence channels were scanned sequentially to minimize cross talk. Scale bars

5 um.

Immunolabeling further gave insight into the presence of the several cell populations with-
in each differentiation, and also potentially into polyclonality within the lines. Figure 3-13
shows confocal overview images of CM derived from both, HES-2-Citr-Linker (Figures
3-13-Aa-c) and from HES-2-Citr-SerGG (Figures 3-13-Ba-c) on micropatterned glass sub-
strates. Channel a shows the endogenous fluorescence signal from Citrine, channel b repre-
sents actin, and channels ¢ represents immunostained a-actinin 2. As actin was expressed in
both myocytes and non-myocytes, whereas a-actinin 2 as well as the fusion protein
ACTN2-Citrine were only expressed in myocytes, the ratio of Alexa633-positive cells over
Atto550-positive cells represented the fraction of myocytes present in the field of view.
The ratio of Citrine-positive cells over Alexa633-positive cells represented the fraction of
endogenously labeled myocytes. As one would expect all myocytes to express the ACTN2-
bound Citrine in a monoclonal cell line, and assuming complete penetrance, a fraction of
Citrine-positive myocytes < 1 indicated polyclonality in the cell cohorts. In the case of
HES-2-Citr-Linker, a total of n = 183 cells was analyzed in three different, randomly cho-
sen field of views, and in the case of HES-2-Citr-SerGG a total of n = 123 cells was ana-
lyzed. For HES-2-Citr-Linker, the purity of cardiomyocytes was 90.7% (166/183) in this
particular differentiation. 100% of those 166 myocytes were positive for Citrine, thus no
signs of polyclonality could be observed via immunolabeling. For HES-2-Citr-SerGG, the
purity of myocytes was only 72.4% (89/123) and only 87.6% (78) of those 89 myocytes
were positive for Citrine. Our experiments thus suggested polyclonality or incomplete pen-
etrance in the cell line HES-2-Citr-SerGG and therefore this cell line was not further used

for experiments. Notably, we did not run similar experiments for the cell line HES-2-Citr-

8 This holds true even in a heterozygous knock-in, as one Z-disc comprises several hundreds of actinins, and
thus the likelihood for a knock-in CM to express all actinins from the untargeted allele is negligible.
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4Mut. However, in all our contractility experiments (Sections 3.3 and 3.4) we did not observe a
single HES-2-Citr-4Mut-CM that did not exhibit Citrine fluorescence, and also flow cy-
tometry analysis (data not presented) indicated 100%-positivity for Citrine for both, CM
derived from HES-2-Citr-4Mut as well as HES-2-Citr-Linker.

Figure 3-13: Anti-ACTN2 and anti-actin co-staining of HES-2-ACTN2-Citr-CM.
(A) CM derived from HES-2-Citr-Linker on a micropatterned glass substrate. (B) CM
derived from HES-2-Citr-SerGG on a micropatterned glass substrate. Cells were fixed and

immunostained for actin (channel b) an «-actinin 2 (channel c). Channel a shows the
endogenous fluorescence signal of Citrine YFP. White arrows mark respresentative cardi-
omyocytes (positive for actin and a-actinin 2). Red arrows mark non-myocytes (positive for
only actin but not for a-actinin 2). Yellow arrows in (B) mark myocyte positive for both
actin and a-actinin 2, but without Citrine fluorescence, as also displayed in the insets in (B).
The presence of CM without endogenous Citrine fluorescence indicated polyclonality or
incomplete penetrance in the cell line HES-2-Citr-SerGG. Scanning images were recorded

using a 10X air objective. Scale bars 100 um.
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3.2.5 Western Blotting of HES-2-ACTN2-Citr-derived Cardiomyocytes

For further analysis of protein expression we performed immunoblots for a-actinin 2 and
Citrine. Immunoblots were performed on cell lysates of CM derived from the two cell lines
HES-2-Citr-Linker and HES-2-Citr-4Mut, and on cell lysates of CM derived from HES-2-
WT for control (Figure 3-14).

a-actinin 2 Citrine B-Actin
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Figure 3-14: ACTN2 and Citrine immunoblots of transgenic cell lines. SDS-PAGE
immunoblots for a-actinin 2 and Citrine were performed on lysates of CM derived from
transgenic cell lines HES-2-Citr-Linker (Lin) and HES-2-Citr-4Mut (4M) as well as on ly-
sates of CM derived from HES-2-WT (WT) for control. Immunoblots for 3-actin as load-

ing control.

ACTN?2 and Citrine immunoblots confirmed the expression of wild-type sized ACTN2 in
all three cell lines, whereas expression of Citrine was only observed in the two mutant cell
lines HES-2-Citr-Linker and HES-2-Citr-4Mut. Next to the wild-type sized ACTN2 bands,
ACTN2 immunoblots further showed a second and slightly longer protein band in the case
of the two knock-in cell lines. This band correlated with a protein roughly 25 kDa larger in
size, as compared to wild-type ACTN2, and thus corroborated heterozygous expression of
the fusion protein ACTN2-Citrine, as the size of Citrine YFP is known to be roughly
27 kDa (Prendergast and Mann 1978).

Strikingly, the ACTN2 immunoblots of both transgenic cell lines suggested higher expres-
sion levels for the targeted as compared to the untargeted allele. Densitometry analysis (tar-
geted/untargeted) yielded expression levels of roughly 80% for the knock-in allele in CM

derived from both lines.
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3.2.6 Genomic Sequencing of HES-2-ACTN2-Citr

To further corroborate the correct integration of Citrine into the ACTN2 gene locus, we
performed DNA sequencing on DNA fragments flanking the predicted Cas9 cleaving site
by roughly &+ 500 bp. DNA fragments of the cell lines HES-2-Citr-Linker, HES-2-Citr-
4Mut, and HES-2-WT (for control) were amplified via PCR using the same primers as used
for genotyping (Table 6-2). Both, the knock-in alleles and the untargeted alleles of the
knock-in cell lines, as well as the WT alleles for control, were sent in for DNA sequencing

(Section 6.4). The detailed sequencing results are listed in Section 6.2.3.

DNA sequencing confirmed the correct and heterozygous integration of Citrine into the
ACTN2 gene locus of both, HES-2-Citr-Linker and HES-2-Citr-4Mut (Figure 3-15). Cit-
rine was inserted in front of the endogenous STOP codon of the last ACTN2 exon and the
flanking nucleotides within the 5 and 3’ homology arms were unaltered (full sequencing

results in Section 6.2.3).

A) Original knock-in sequence

CTGCGTTCTCTTCTGCTTTGTATGGGGAGAGCGAT CTGGGAGGTGGAGG

B) 4Mut knock-in

CTGCGTTCTCTTCTGCTTHTIGTATGGGGAGAGCGATCTG GTG

Al e ull

C) Linker knock-in

CTGCGTTCTCTTCTGCTTTGTATGGGGAGAGCGATCTG

ol o e o i

Figure 3-15: DNA sequencing of transgenic knock-in alleles. (A) Original donor

DNA sequence, here including linker sequence (marked in green). (B) HES-2-Citr-4Mut
knock-in allele. (C) HES-2-Citr-Linker knock-in allele. Chromatograms are shown only for
the nucleotides flanking the predicted Cas9 cleavage site T. Full sequencing results are

listed in Section 6.2.3. GTG marks the start of the Citrine coding sequence.

In the case of the untargeted alleles, DNA sequencing revealed a single nucleotide base pair
insertion directly at the Cas9 cleaving site (Figure 3-16). This indel lead to a shift of reading
frame with an alternative STOP, and resulted in a mutated wild-type allele with an extra 44

amino acids as compared to the endogenous HES-2 wild-type sequence (Section 6.2.3).
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A) Endogenous ACTN2

CTGCGTTCTCTTCCGCACTCTACGGGGAGAGCGATCTGHEETGC

B) WT
CTGCGTTCTCTTCCGCACTCTACGGGGAGAGCGAT CcTGil@T G C

NWVWMMM\MNWV\/\AN\MM\M'

C) 4Mut untargeted
—
CTGCGTTCTCTTCCGCACTTCTACGGGGAGAGCGATCTGTGATGC

AMN\NMMM\MMAW/\AN\NMMM\

D) Linker untargeted
CTGCGTTCTCTTCCGCACTTCTACGGGGAGAGCGATCTGTGATGC

oo o o A AR P

Figure 3-16: DNA sequencing of the untargeted alleles. (A) Endogenous alpha-
actinin 2. (B) HES-2-WT for control. (C) HES-2-Citr-4Mut untargeted allele. (D)
HES-2-Citr-Linker untargeted allele. A single base pair insertion T directly at the Cas9

cleaving site T was observed in the untargeted alleles of both transgenic cell lines. This
small indel resulted in a shift of reading frame, which lead to a misread of the endoge-
nous STOP codon -, and in turn to a mutated wild-type allele with an extra 44
amino acids, as compared to the endogenous HES-2-WT sequence. Chromatograms
are shown only for the nucleotides flanking the predicted Cas9 cleavage site. Full se-

quencing results are listed in Section 6.2.3.

3.2.7 Protein Structure Analysis

To evaluate potential folding perturbation induced by either the extra 44 AS in the mutated
untargeted allele (Section 3.2.6), or induced by the Citrine, we used the web-based Phyre2
platform to predict the 3D protein structures of the three ACTN2 variants of interest, and
compared them to the wild-type ACTN2 conformation (Kelley et al. 2015).

Comparison of the mutated ACTN2 from the untargeted allele (Figure 3-17-B) and the
wild-type form (Figure 3-17-A) indicated that the extra 44 amino acids, resulting from the
frame shift mutation (Section 3.2.6), added an extra alpha-helix to the C-terminal of the
protein (green arrow). Seemingly this added alpha-helix left the other domains of the pro-
tein, particularly the N-terminal actin binding domain (blue arrow) and C-terminal EF

hands, morphologically unaltered.

The fusion of beta-barrel-shaped Citrine to the C-terminus of ACTN2 was predicted to
interfere with the folding of ACTNZ2, where it seemed to induce a bending of the alpha-
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helices located at the far C-terminus (Figure 3-17-C and Figure 3-17-D). This bending did
not appear to depend on whether the two proteins were fused via a linker peptide or direct-
ly (white and red arrows), however, direct fusion without a linker peptide seemed to induce

further conformational changes in the alpha-helices at the very far C-terminal end.

A) ACTN2 WT C) Linker knock-in

Figure 3-17: 3D protein models. (A) Wild-type a-actinin 2. Blue arrow marks actin bind-
ing domain. (B) Mutated ACTN2 expressed via untargeted allele, as present in both, HES-
2-Citr-Linker and HES-2-Citr-4Mut. Green arrow marks alpha-helix, which comprises an
extra 44 AS induced by the frame-shift mutation in the untargeted allele. (C) ACTN2-
Citrine fusion protein as predicted for HES-2-Citr-Linker. Yellow arrow marks Citrine
beta barrel. White arrow marks linker peptide. (D) ACTN2-Citrine fusion protein as pre-
dicted for HES-2-Citr-4Mut, where no linker peptide was inserted. Red arrow marks
ACTN2 alpha-helix which was directly fused to Citrine. Protein models were predicted
using the web-based platform Phyre2 (Kelley et al. 2015).
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3.3 Contractility of HES-2-ACTN2-Citr-derived Cardiomyocytes

To characterize the sarcomere function in HES-2-ACTN2-Citr-derived CM, we studied the
movement of Z-lines in so-called contractility experiments. In these contractility experiments,
we confocally imaged the spontaneous sarcomeric beating of single micropatterned HES-2-
ACTN2-Citr-CM for 20 seconds at 18.2 fps. We then employed a custom-developed video
analysis algorithm to extract basics characteristic parameters of cardiomyocyte beating, as
well as a measure for the coherence of sarcomere contractions between several sarcomeres
within single cardiac myofibrils. All contractility experiments were performed at 37 °C and

5% CO,.

3.3.1 The Video Analysis Algorithm

To analyze ~ 150 confocal video images, each consisting of roughly 350-400 frames, we
custom-developed an analysis algorithm, which did not only yield basic characteristic pa-
rameters of cardiomyocyte beating, but also allowed for the evaluation of the coherence of
sarcomere contractions within single cardiac myofibrils. Scripting and video analysis was
performed in Python® (Section 2.5). In the following, we demonstrate crucial steps of the

video analysis algorithm by employing it to one example cell:

Figure 3-18-A shows a single frame from a typical contractility experiment. Figure 3-18-B
shows the corresponding kymograph, illustrating periodic displacement of Z-lines. The
cardiomyocyte, here derived from HES-2-Citr-4Mut and seeded on a 15 kPa elastomer
substrate, was imaged for 20 seconds at 18.2 fps. The time series of 364 images was trans-
ferred to Image]-based Fiji (Schindelin et al. 2012), and a myofibril, generally comprising at
least eight and up to 20 sarcomeres, was selected, as illustrated by the pink line in Figure
3-18-A. The intensity profile in this region of interest (ROI) was measured over time,
averaged in the y-direction, and saved into a data spreadsheet. The data spreadsheet was
then transferred to Python®, and in each frame, the intensity profile was analyzed for
intensity peaks to detect the current positions of Z-lines. A custom-written algorithm was
then employed to assign the intensity peaks to Z-line trajectories (Figure 3-18-C), and for
each sarcomere, the change in sarcomere length over time, ASL, was derived (Figure
3-18-D).
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Figure 3-18: Z-line trajectories and sarcomere contraction amplitudes. (A)
Cardiomyocyte derived from HES-2-Citr-4Mut on a 15kPa elastomer substrate. A
myofibril, here comprising 11 sarcomeres (corresponds to 12 Z-lines), was selected, as
illustrated by the pink line. The intensity profile in the selected ROI was analyzed using our
custom-developed algorithm to determine single Z-line trajectories. (B) Kymograph
illustrating periodic displacement of the 12 Z-lines in the selected ROI in (A). (C) Z-line
trajectories, as determined via our custom-developed Python® script, mimic the above
kymograph. (D) Change in sarcomere lengths over time, ASL, as derived from Z-line
trajectories. For concision purposes, ASL is only displayed for 10 sarcomeres in (D), and

only the corresponding 11 Z-lines are displayed in (C). Scale bar 20 pm.

Next, the starting time points of each contraction were manually chosen by pointing to the
first visible Z-line displacement in the (magnified) Z-line trajectories. These starting points
were corrected via cross-correlation between all contractions of each sarcomere, and the

corrected starting points for contraction cycle i were defined as start of contraction, t as

indicated by the red lines in Figure 3-19-B. The beating period, T, was calculated as T, =
| toareis1 - tarei | » and the beating frequency, f, was calculated as f = 1/mean(T}). The sarco-
mere length at rest, SL, was deduced from the average length of each sarcomere at equilib-
rium, and the minimal sarcomere length, Min. SL, was defined as the minimal sarcomere

length observed during the full recording time (Figure 3-19-A). The (peak) contraction
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amplitude, ASL,

i.e. between t

was defined as the change in sarcomere length at maximum contraction,

max>

start and t
dashed lines in Figure 3-19-B), thus ASL,

The maximal contraction amplitude, Max. ASL,

max>

is the time point of maximum contraction (black
= |ASL(t,,,;) - ASL(t,,.;)| (Figure 3-19-B).
was defined as the greatest ASL, . ob-

where t,,

max> X

‘max,i max.

served within each cell during recording time (Figure 3-19-B). The temporal duration until

maximum contraction, T, ., herein and after referred to as time-to-peak contraction, was

max>

calculated as T, ;= |ty - tee| (Figure 3-19-B). We chose to measure the above-

described parameters Min. SL and Max. ASL,_,. next to determining the single contraction

amplitudes ASL,_ ; and their average ASL,

‘max,i

s S W Observed that the temporal resolution at
18.2 fps did not suffice to detect subtle changes in ASL, . in all of our experiments, espe-
cially in those where we studied the effects of drug treatment (Section 3.4). Particularly the
minimal value Min. SL is less prone to get affected by inaccuracies in determining/recording
of t,,,; and thus ASL(t

ASL,,.; depends on the accuracy of both, ASL(t

‘max,i

;) due to limited temporal resolution. To this end, note that
;) and ASL(t,,,
(Figure 3-19-B). The accuracy of the

minimal value Min. SL, however, will grow with the likelihood of capturing the timepoint of

max.

;) and therefore on the

start,

and t

max,i

precision and accuracy in determining t

start,i

the fully contracted sarcomere and thus with the number of observed beatings (Figure

3-19-A).
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Figure 3-19: Definition of parameters of sarcomere contraction. (A) Sarcomere
length, SL, vs. time. Red dashed line indicates the sarcomere length at rest, SL,. Black
dashed line indicates the minimal sarcomere length observed during full recording time,
Min. SL. (B) Change in sarcomere length, ASL, vs. time. Red dashed lines indicate the start

of contraction cycle i, t,,.;, black dashed lines indicate the time point of maximum contrac-

start,i»

tion, t.,. .. ASL, ,.; denotes the contraction amplitude of each single sarcomere contraction,

‘max,i® ‘max,i

respectively. T, ,.; denotes time-to-peak contraction. Max. ASL,_ . ; denotes the maximal

max,i ‘max,i

contraction amplitude observed during full recording time.

To measure the level of coherence between the contractions of the individual sarcomeres
within one myofibril, we turned to cross-correlation analysis. Briefly, for each contraction
and each pair of sarcomeres, we analyzed the cross-correlation of ASL between the indi-

vidual sarcomeres. To this end, each time interval of contraction was split up into ~ 20-30
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smaller time intervals, and the pairwise cross-correlation was calculated for each interval.
All these pairwise cross-correlations were then averaged, normalized and visualized in a
cross-correlation color diagram (Figure 3-20-A). Here, the averaged pairwise cross-
correlation for each time interval was visualized for each distance between sarcomeres, as
measured in indices (Figure 3-20-B). The normalized cross-correlation was highest at max-
imum contraction, and to gain a measure for the level of coherence of contraction, we
quantified the correlation at the time interval of maximum contraction * 1 interval, aver-
aged over these three intervals, and normalized by correlation at zero-index distance
(Figure 3-20-C). Note, that in cross-correlation diagrams as displayed in Figure 3-20-A, we
plotted time vs. inter-sacromeric distance, and colors indicate correlation in the respective
time interval. High positive values (dark blue color) of the arbitrarily normalized correlation
function indicate strong correlation. Values close to zero (white color) indicate no correla-

tion, and high negative values (dark red color) indicate strong anti-correlation.
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Figure 3-20: Cross-correlation color diagrams and correlation at maximum contrac-
tion. (A) Cross-correlation color diagram. At each time interval and for each contraction,
the cross-correlation of ASL between all possible pairs of sarcomeres was calculated, nor-
malized, and averaged over all contractions and pairs at distance i [idx]. Red arrow denotes
time interval of maximum contraction. (B) Schematic depicting distance between sarco-
meres, as measured in indices. (C) Cross-correlation at maximum contraction 1 time in-
terval (normalized by correlation at zero-index distance) vs. sarcomere distance (see red ar-
row in (A)).

In a second approach to measure coherence between individual sarcomere contractions, we
defined so-called stereotypical contraction patterns for each individual sarcomere. To this end,
we superimposed all single contractions of each sarcomere, repectively, and averaged over
all contractions to define stereotypical beating patterns. We then cross-correlated these
stereotypical contraction patterns between the individual sarcomeres, and observed similar
results as with non-stereotypical contractions (data not shown). However, it turned out that
correlations analysis of stereotypical patterns was not as powerful in detecting subtle differ-

ences in coherence, as compared to the above-described correlation analysis of all individu-
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al contractions. In this thesis, we thus refrained from evaluating results from correlation
analysis of stereotypical patterns. However, we used stereotypical contraction patterns to
create so-called next-neighbor correlation diagrams for further qualitative visualization of inter-

sarcomeric coherence or incoherence (Figure 3-21).
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Figure 3-21: Next-neighbor correlation diagrams. Stereotypical contraction patterns
for each individual sarcomere were created by superimposing all individual contractions of
each sarcomere, respectively, and averaging over those contractions. Correlation diagrams
indicate correlation of ASL between next-neighbor sarcomeres (ie. idx =1 in Figure

3-20-B). For illustration purposes only four sarcomeres are displayed.

3.3.2 The Effect of Substrate Elasticity on Sarcomere Contractility

To characterize the sarcomere dynamics of cardiomyocytes derived from the two transgen-
ic cell lines, and to study the influence of ECM stiffness on sarcomere contractility, we ran
the above-described contractility experiments with micropatterned CM from both lines
seeded on either glass or 15 kPa elastomer substrates. In principle, it would further be re-
vealing to investigate whether the insertion of the small linker peptide between ACTN2
and Citrine affected sarcomere dynamics by comparing the contractility of the two cell
lines. However, we refrained from such comparison, as a) the quality of the micropatterns
on 15 kPa may have been inconsistent (Section 3.1.3), and b) we observed relatively high
fluctuations in the quality of differentiation of HES-2-ACTN2-Citr-CM in the early stages
of this project, and all experiments presented in this thesis were conducted with only one
batch of differentiation per each cell line. All experiments presented in this section were
conducted in RPMI basal medium at 0.4 mM Ca*".

In the case of HES-2-Citr-Linker-derived CM, we evaluated contractility experiments with
N = 10 cells on glass substrates and with N = 5 cells on 15 kPa elastomer substrates. For
HES-2-Citr-4Mut-derived CM, N = 10 cells were evaluated on glass, and N = 11 cells were
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analyzed on 15 kPa. Together, a total of 98 sarcomeres and a total of 159 beatings were
analyzed in the case of HES-2-Citr-Linker-CM on glass substrates, corresponding to
roughly 1560 individual sarcomere contractions. The according numbers for the other cell
line/substrate combinations are displayed in Table 3-2. Analogously to Figure 3-18 (4Mut
at 15 kPa), Figures 6-4 through 6-6 show representative kymographs, Z-line trajectories

and ASL-vs.-time plots for the other cell line/substrate combinations.

Table 3-2: Number of experiments in the ECM rigidity assay.

Cell line/Substrate  # cells # sarcomeres # beatings # sarc. contractions

Linker/Glass 10 98 159 1560
Linker/15 kPa 5 42 89 750
4Mut/Glass 10 118 109 1290
4Mut/15 kPa 11 135 124 1520

In the case of HES-2-Citr-Linker-CM on glass, we evaluated N = 10 cells, including a total of 98
sarcomeres and a total of 159 beatings, which corresponded to roughly 1560 individual sarcomere

contractions. Numbers for further cell line/substrate combinations are displayed accordingly.

The average beating frequency of HES-2-Citr-Linker-CM was 0.84 * 0.44 Hz on glass sub-
strates, and 0.94 = 0.39 Hz on 15 kPa (Figure 3-22-A). In the case of HES-2-Citr-4Mut-
CM, it was 0.58 £ 0.15 Hz on glass, and 0.62 = 0.12 Hz on 15 kPa. The differences be-
tween glass and 15 kPa substrates were not significant for either one of the cell lines
(Prinker/ante = 0.08/0.53). To further evaluate, whether the variability of the time intervals
between individual beatings was different for glass and 15 kPa, we analyzed the cell-specific
relative standard deviation of the beating period, Rel. STD,(T), i.e. the standard deviation of
the beating period (relative to the average period T, within each individual cell i, respec-
tively (Figure 3-22-B). Again, no significant differences could be observed between glass
and 15 kPa. For HES-2-Citr-Linker-CM, Rel. STD,(T),,,, was 6 * 2% and Rel. STD,(T);5»,
equaled 8 £ 5% (p = 0.20). For HES-2-Citr-4Mut-CM, Rel. STD,(T),,,,, was 12 £ 5%, and
Rel. STD,(T)5p, equaled 8 = 5% (p = 0.07). These results suggested that ECM stiffness

did not affect the consistency of the spontaneous beating period.
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Figure 3-22: Beating frequency of HES-2-ACTN2-Citr-CM. (A) Beating frequency, f.
For both cell lines, no significant differences could be observed between glass and 15 kPa.
(B) Cell-specific relative standard deviation of the beating period between all individual
contractions, Rel. STD,(T). No significant differences could be observed between glass and
15 kPa for both cell lines. Ny e/ = 105 Niineer/15 102 = 95 Nantue/Glass = 105 Nungue5 102 = 11

ns: p > 0.05, *: p < 0.05; p-values as determined via unpaired Student’s t-test.

Next, we wanted to evaluate sarcomere length and contraction amplitude of HES-2-
ACTN2-Citr-CM. On average, the sarcomere length at rest, SL,, was 1.83 £ 0.10 um on
glass, and 1.87 £ 0.13 um on 15 kPa for HES-2-Citr-Linker-CM, and it was 1.72 £ 0.05 um
and 1.80 = 0.07 um for HES-2-Citr-4Mut-CM (Figure 3-23-A). While this difference was
not significant in the case of HES-2-Citr-Linker (p = 0.55), it was significant for HES-2-
Citr-4Mut (p = 0.02). For both cell lines, there was a clear but statistically insignificant
trend towards shorter minimal sarcomere lengths, Min. SL,, on 15 kPa (Figure 3-23-B). In
the case of HES-2-Citr-Linker, Min. SL was 1.59 = 0.12 um on glass and 1.49 = 0.13 pm
on 15kPa (p = 0.18), while it was 1.50 = 0.05 um and 1.46 £ 0.08 pm for HES-2-Citr-
4Mut (p = 0.12). This trend for greater SL, but shorter Min. SL on 15 kPa suggested great-
er contraction amplitudes on 15 kPa substrates, as compared to glass. This notion was rein-
forced by the evaluation of the average of all individual contraction amplitudes, ASL, .
(Figure 3-23-C). We observed ASL, . to be significantly greater by roughly 100% on the
softer 15 kPa substrates in the case of both cell lines, where ASL,_ . was roughly 0.2 um
(see Table 3-3 and Table 3-4 for detailed data). Similar results were obtained by the analysis
which
was roughly twice as large as the average ASL,_ . in all cases (Figure 3-23-D, Table 3-3 and

of the maximal contraction amplitude observed during recording time, Max. ASL,_,,
Table 3-4). As stated in Section 3.3.1, we chose to measure the parameters Min. SL. and
Max. ASL,,, next to determining ASL

max>

as we observed that the temporal resolution at
18.2 fps did not suffice to detect subtle changes in ASL, . in all of our experiments, espe-
cially in those where we studied the effects of drug treatment (see Section 3.4 and discus-
sions in Sections 4.4, 4.6). See Figure 3-19 for details on the definition of the above param-

eters.
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Figure 3-23: Sarcomere length and contraction amplitude of HES-2-ACTN2-Citr-
CM. (A) Sarcomere length at rest, SL,,. (B) Minimal sarcomere length observed during
recording time, Min. SL. (C) Average of individual sarcomere contraction amplitudes,
ASL
Max. ASL, .. For details on the definition of all four parameters see Figure 3-19.
Noinker/Gass = 105 Niineer/15 102 = 95 Nantur/rass = 105 Nippuesis s = 110 1181 p > 0.05, *: p < 0.05;

(D) Maximal sarcomere contraction amplitude observed during recording time,

'max*

p-values as determined via unpaired Student’s t-test.

Next, we evaluated the time-to-peak contraction, T, ., defined as the time interval between

max>

start of contraction and time point of maximum contraction (Figure 3-24-A). We observed

no significant differences between glass or 15 kPa for either of the cell lines. T, ,, equaled

0.45 1+ 0.13 s on glass and 0.39 + 0.09 s on 15 kPa for HES-2-Citr-Linker-CM (p = 0.38),
while it was 0.47 + 0.09 s and 0.52 + 0.09 s for HES-2-Citr-4Mut-CM (p = 0.18). To exam-
ine whether ECM rigidity affected the consistency of time-to-peak contraction, we further
determined the cell-specific inter-sarcomeric standard deviation of T, between individual
contractions and relative to T, Rel. STD,
case of both cell lines (Figure 3-24-B). Rel. STD,(T,,,,) was 43 = 11% on glass and 28 * 8%
on 15 kPa in the case of HES-2-Citr-Linker (p = 0.02), while it was 37 £ 9% and 25 £ 9%
for HES-2-Citr-4Mut (p < 0.01). These results suggested that ECM stiffness influenced the

fluctuation of contraction time between individual sarcomeres and/or individual beatings.

(T..0)- It was significantly lower on 15 kPa in the
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Figure 3-24: Time-to-peak contraction of HES-2-ACTN-Citr-CM. (A) Time-to-peak
contraction, T, .. (B) Cell-specific, inter-sarcomeric standard deviation of T,
Rel‘ STDi(Tmax)‘ NLinker/Glass = 1O> NLinker/lS kPa = 5> N4Mut/Glass = 1O> N4Mut/15 kPa = 11‘ ns:
p > 0.05, *: p < 0.05; p-values as determined via unpaired Student’s t-test.

To gain insight into the level of coherence between individual sarcomere contractions with-
in one myofibril, we examined the inter-sarcomeric cross-correlation of the change in sar-
comere length at maximum contraction (Section 3.3.1). Figure 3-25 shows representative
cross-correlation color diagrams for both, HES-2-Citr-Linker-CM and HES-2-Citr-4Mut-
CM, on micropatterned glass and 15 kPa substrates. These diagrams correspond to the

representative cells displayed in Figures 3-18 and 6-4 through 6-0.

The color diagrams in Figure 3-25 illustrate our general observation in contractility experi-
ments, which suggested much greater levels of inter-sarcomeric coherence on 15 kPa sub-
strates as compared to glass substrates. On glass, cross-correlation rapidly decreased to
zero-correlation or even below, and thus indicated uncorrelated or even anti-correlated
contractions at inter-sarcomeric distances as short as two sarcomeres (Figure 3-25-A/-C).
In contrast, cross-correlation stayed high on 15 kPa even at inter-sarcomeric distances as

high as seven sarcomeres and further® (Figure 3-25-B/-D).

9 In all cells analyzed, we evaluated the motion of at least eight consecutive sarcomeres, and accordingly, our
illustrations show data for inter-sarcomeric distances only up to 7 idx. When cells exhibited longer myofil-
aments, we extended our analysis to higher distances, and on 15 kPa, we consistently observed high levels
of inter-sarcomeric coherence at least up to 12 idx.
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Figure 3-25: Cross-correlation color diagrams of HES-2-ACTN2-Citr-CM. (A) Rep-
resentative diagram of a single HES-2-Citr-Linker-CM on a micropatterned glass substrate.
(B) Representative diagram of a single HES-2-Citr-Linker-CM on micropatterned 15 kPa.
(C) Representative diagram of a single HES-2-Citr-4Mut-CM on micropatterned glass. (D)
Representative diagram of a single HES-2-Citr-4Mut-CM on micropatterned 15 kPa. These
diagrams correspond to the representative cells displayed in Figures 3-18 and 6-4 through

6-6. See Figure 3-20 for details on cross-correlation color diagrams and sarcomere distance.

The normalized cross-correlation was highest at maximum contraction, and to gain a
measure for the level of coherence of contractions, we quantified the correlation at the
time interval of maximum contraction * 1 interval, averaged over these three intervals, and
normalized by correlation at zero-index distance (see Figure 3-20-B for further details). For
both cell lines, Figure 3-26-A shows the average cross-correlation plotted against inter-
sarcomeric distance for glass (blue) and 15 kPa substrates (red). The data mapped the
above-stated general observation of greater inter-sarcomeric coherence on 15 kPa, and
clearly indicated longer correlation lengths on these softer substrates. For further quantifi-
cation of these observations, the inter-sarcomeric cross-correlation at distances of one,
two, and three sarcomeres is displayed in Figure 3-26-B-D. On glass, cross-correlation at 1-
, 2-, and 3-sarcomere distance was close to zero for both cell lines (see Tables 3-3 and 3-4
for detailed values), suggesting that contractions were highly uncorrelated between sarco-
meres. On 15 kPa, cross-correlation at 1-, 2-) and 3-sarcomere distance was between
0.56 £ 0.33 and 0.72 = 0.21 (Tables 3-3 and 3-4), indicating relatively strong correlation
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between sarcomere contractions. Tables 3-3 and 3-4 summarize all above-presented data

for both cell lines, respectively.
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Figure 3-26: Average inter-sarcomeric cross-correlation of HES-2-ACTN2-Citr-CM.
(A) Inter-sarcomeric cross-correlation of the change in sarcomere length at maximum con-
traction (calculated as described in Section 3.3.1) vs. inter-sarcomeric distance. Dashed lines
indicate results from individual contractility experiments (i.e. individual cells). Solid lines
mark the corresponding mean values. Here, error bars mark one standard error of the
mean (SEM). (B)-(D) Inter-sarcomeric cross-correlation at inter-sarcomeric distances
1 idx, 2 idx, and 3 idx, respectively. Here, error bars mark one standard deviation. See Fig-
ure 3-20 for details on sarcomere distance. Gl: glass, 15: 15 kPa. Ny /guss = 10, Ny
/13100 = 95 Nuntycnss = 10, Nipgis o = 110 ns: p > 0.05, *: p < 0.05; p-values as deter-

mined via unpaired Student’s t-test.
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Table 3-3: Parameters of contractility of HES-2-Citr-Linker-CM.

Glass 15 kPa

(N = 10) (N = 5) p-value
f [Hz] 0.84 + 0.44 0.94 + 0.39 0.68
Rel. STD,(T) [%] 6.1+19 84+43 0.20
SL, [um] 1.83 + 0.10 1.87 £ 0.13 0.55
Min. SL [um] 1.59 + 0.12 1.49 + 0.13 0.18
ASL,,,. [nm] 0.09 + 0.03 0.20 % 0,02 < 0.001
Max. ASL,,, [um] 0.20 + 0.04 0.39 + 0.04 < 0.001
T, [s] 0.45 +0.13 0.39 % 0.09 0.38
Rel. STD(T,,..) [%] 431 +10.1 284+ 7.2 0.02
Ind-1 correlation 0.07 + 0.28 0.56 + 0.26 <0.01
Ind-2 correlation 002 £ 0.25 0.66 + 0.18 <0.001
Ind-3 correlation 0.03 +0.18 0.64 + 0.19 <0.001

On glass (15 kPa), 10 (5) cells, including a total of 98 (42) sarcomeres and a total of 159
(89) beatings (corresponding to roughly 1560 (750) individual sarcomere contractions),
were analyzed. Significant p-values, as determined via Student’s unpaired t-test, were
highlighted.

Table 3-4: Parameters of contractility of HES-2-Citr-4Mut-CM.

Glass 15 kPa

(N = 10) (N = 11) p-value
f [Hz] 0.58 + 0.15 0.62 +0.12 0.53
Rel. STD,(T) [%] 11.6 £ 4.2 8.0 = 4.1 0.07
SL, [um] 1.72 £ 0.05 1.80 £ 0.07 0.02
Min. SL [um)] 1.50 £ 0.05 1.46 £ 0.08 0.12
ASL, . [um] 0.10 £ 0.02 0.19 + 0.06 < 0.001
Max. ASL,_ .. [um] 0.23 £ 0.07 0.36 + 0.07 < 0.001
T e [8] 0.47 £ 0.09 0.52 + 0.09 0.18
Rel. STD(T,...) [%] 37.0 £ 8.6 25.1+9.0 <0.01
Ind-1 correlation 0.33 + 0.22 0.72 + 0.21 <0.001
Ind-2 correlation 0.16 £ 0.29 0.65+0.28 <0.01
Ind-3 correlation 0.02 + 0.26 0.56 + 0.33 <0.001

On glass (15 kPa), 10 (11) cells, including a total of 118 (135) sarcomeres and a total of
109 (124) beatings (corresponding to roughly 1290 (1520) individual sarcomere contrac-
tions), were analyzed. Significant p-values, as determined via Student’s unpaired t-test,

were highlighted.
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3.3.3 Ca*-imaging in HES-2-ACTN2-Citr-derived Cardiomyocytes

We performed proof-of-concept contractility experiments with simultaneous Ca*'-imaging
in HES-2-ACTN2-Citr-CM. Ca*'-imaging was performed at room temperature in RPMI
basal medium at 0.4 mM Ca®" using the membrane-permeant calcium indicator dye Fluo-
4 AM (Cat F14201, Thermo Fisher Scientific, Waltham, USA).

Figure 3-27-A shows a single frame from a typical contractility experiment with simultane-
ous Ca*'-imaging. The mean fluorescence intensity, as measured over time for ROI 1, 2,
and 3, respectively, indicated periodic cytosolic calcium increase (Figure 3-27-B). In Figure
3-27-C, the intensity of all three ROIs was averaged and plotted next to the change in sar-
comere length of a single representative sarcomere, as determined via our analysis algo-
rithm (note that the recording of calcium intensity for an entire 20 seconds and the respec-
tive Z-line trajectories of all eight Z-lines marked by the pink line in Figure 3-27-A are dis-
played in Figure 6-7). Start of sarcomere contractions, as indicated by the red dashed lines,
occurred at the steep increase of intracellular calcium concentration, as expected for cardiac

contractions (Bers 2002).
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Figure 3-27: Calcium imaging in HES-2-ACTN2-Citr-CM. (A) Single HES-2-Citr-
Linker-CM on a micropatterned glass substrate. White boxes mark ROIs where fluores-
cence intensity flux from calcium dye was measured. The cell was imaged for 35 seconds at
18.2 fps, and the mean intensity for each ROI, respectively, was recorded. (B) Calcium con-
centration over time, as derived from the fluorescence intensity flux in the three ROIs in
panel A. Only five seconds shown for illustration purposes. (C) Change in sarcomere length
for one representative sarcomere (black) and calcium intensity (blue) over time. Dashed
lines indicate start of contraction, as derived via our analysis algorithm (Section 3.3.1). Only
three beatings displayed for illustration purposes. The recording of calcium intensity for an
entire 20 seconds and the respective Z-line trajectories of all eight Z-lines marked by the
pink highlighting in Figure 3-27-A are displayed in Figure 6-7. Scale bar 10 um.
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3.4 The Effect of Omecamtiv Mecarbil on Sarcomere Contractility

To show proof of concept that our indicator system can function as a versatile tool in drug
screening assays, we conducted contractility experiments in the presence of the selective
cardiac myosin (MYH?7) activator omecamtiv mecarbil (OM). OM is currently in phase-3
clinical trials for its application in the treatment of heart failure and has been reported to
improve cardiac function in patients with systolic heart failure (Cleland et al. 2011; Teerlink
et al. 2011; Teerlink et al. 2016; Teerlink et al. 2020). It has created large excitement, as
cardiac myosin activators may avoid potential side effects that limit the use of other phar-
maceuticals that are being used in the treatment of heart failure, since these typically target
upstream regulatory mechanisms of cardiac beating (Ponikowski et al. 2016; Woody et al.
2018). When first introduced, OM was thought to directly activate myosin via an allosteric
mechanism that increases the transition rate of myosin into the strongly actin-bound force-
generating state (Morgan et al. 2010; Malik et al. 2011), however, the results from multiple
subsequent studies have led to question this direct mechanism on a structural, biochemical
and physiological basis (for an overview, refer to Woody et al. (2018)). In a latest biophysi-
cal approach exploiting optical trapping, Woody et al. (2018) proposed that OM’s mecha-
nism of action was, in fact, not direct, but that it /) stabilizes the ADP-P pre-power stroke
state and increases the entry rate into the state of strong actin binding through increase of
ADP-P phosphate release rates, as previously stated by Malik et al. (2011), and it 7) pro-
longs the strong actin-bound state by inhibiting myosin molecules, therefore boosting thin-
filament activation. Interestingly, Woody et al. (2018) further stated that OM ;) reduces the
myosin work stroke, 7) renders the actin-detachment rate independent of both, applied
load and ATP concentration, /) inhibits the velocity of actin gliding, and z») at micromolar

(i.e. high) concentrations, reduces the rate of tension development and relaxation in CM.

We sought to gain further insight into the effects of OM on CM beating via testing the
direct and dynamic morphological feedback of HES-2-ACTN2-Citr-CM in contractility
experiments in the presence of OM. The general experimental sequence was as follows:
First, CM were video imaged at zero-drug concentration. Then, the drug was pipetted and
mixed into the medium at subsequently increasing concentrations. The subsequent video
recordings were started five minutes after adding the indicated amount of pharmaceutical
to the solution. All experiments presented in this section were performed with CM derived
from HES-2-Citr-4Mut.

On 15 kPa, we performed contractility experiments at OM concentrations ranging from
10 nM to 10 uM, as well as at zero-concentration for control. Only in the case of six cells,
data at different concentrations were obtained for each same cell, respectively, and only
these six cells were included in the following analysis. To account for the inter-cellular vari-
ance in characteristic parameters of CM beating among a relatively small number of ana-

lyzed cells, we chose to display individual line graphs for each cell, respectively, next to
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concentration-response graphs indicating the mean * one standard deviation. All OM con-

tractility experiments on 15 kPa were conducted in RPMI basal medium at 0.4 mM Ca®"

Figure 3-28 shows kymographs of four representative Z-lines in a single representative
cardiomyocyte at five different OM concentrations. A first qualitative analysis of videos
and/or kymographs showed homogeneous, petiodic beating up to 100 nM OM among an
increase in beating rate and an increase in the amplitude of Z-line displacement as a sign of
hypercontraction. At 1 uM OM, sarcomeric beating seemingly became inhomogeneous,
and at 10 uM OM, most of the sarcomeres entered into what appeared to be a state of con-
stant contracture.
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Figure 3-28: Kymographs of a representative HES-2-Citr-4Mut-CM treated with
OM. (A)-(E) Kymographs for four representative Z-lines of a single representative HES-2-

Citr-4Mut-CM on 15 kPa at different concentrations of omecamtiv mecarbil, as noted.

The unexpected qualitative notion of a positive chronotropic effect of OM on CM beating
could be corroborated quantitatively (Figure 3-29). Treatment with OM resulted in an in-
crease in frequency to about 150% baseline at micromolar concentrations (£, =
0.56 £ 0.05 Hz, f,;,, = 0.84 £0.03 Hz, p < 0.001, n = 6 cells, see Table 3-5 for further
data points). To further support this observation, Figure 6-8 shows the concentration-
frequency relationship obtained from a separate contractility assay, which we recorded on
glass substrates in the presence of OM at 1 nM to 100 uM . These recordings on glass

reinstated the notion of a positive chronotropic effect.

10 Contractility experiments on glass substrates were performed in DMEM at 0.8 mM Ca?*. In principal, we
here observed trends similar to those on 15 kPa. However, since we only recorded one cell on glass, and
since the full development of sarcomere dynamics seemed to be greatly hindered by the stiff environment,
which resulted in greater noise induced from pixel resolution (see Section 3.3.2), we here refrained from
presenting all data analogously to those for 15 kPa.
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Figure 3-29: The effect of OM on beating frequency. (A) Concentration-frequency
curves for each cell, individually, as determined for HES-2-Citr-4Mut on 15 kPa. (B) Con-
centration-frequency relationship illustrated as average = one standard deviation. In the
case of 10 uM OM, where most sarcomeres had entered into a state of constant contrac-
ture, the “beating” frequency was estimated from an overall undulation of the cells’ Z-lines
(see Figure 3-28 and Figure 6-9). At all other OM concentrations, the frequency was ob-
tained via our analysis algorithm. A modeling of the (presumably sigmoidal) concentration-
response relationship was not applicable since there were no data available at relatively low
(pico- to low nanomolar) OM concentrations. p < 0.001, as determined via rmANOVA
(n =06). To further support the unexpected positive chronotropic effect of OM on CM
beating, Figure 6-8 shows the concentration-frequency relationship obtained from a sepa-
rate contractility assay, which we recorded on a glass in the presence of OM at 1 nM to
100 uM.

Next, we wanted to evaluate the effect of OM on sarcomere shortening amplitude. The
minimal observed sarcomere length, Min. SL, became significantly shorter with increasing
OM concentration (Figure 3-30-A). At 100 nM OM, Min. SL was shorter by 4.3 = 2.9%, as
compared to 0 nM OM, and at 10 uM OM, Min. SL. was shorter by 14.9 = 4.3%
(p < 0.001). This observed decrease in Min. SL suggested an expected positive inotropic
effect of OM and was in line with the above-described qualitative notion of hypercontrac-

tion.

Despite these signs of hypercontraction, we did not observe a significant increase in our
standard parameter for contraction amplitude, i.e. the average of the individual contraction
amplitudes, ASL, ., nor in its maximal value, Max. ASL,_  (Figure 3-30-B). We observed
ASL, . oov = 0.25 £ 0.04 um, ASL 10 = 0.22 £ 0.02 um, and ASL 100 oM =

0.24 £ 0.02 pm (p = 0.15, see Table 3-5 for analogous values for Max. ASL,_ ). The lack of
a significant increase in ASL,_, with increasing [OM] could most likely be attributed to the

‘max,1

limited temporal resolution (18.2 fps), that seemed not to have sufficed to detect the subtle
differences in contraction amplitude between different OM concentrations (see Sections
4.6 and 4.7 for detailed discussions).

Notably, there was a significant trend towards decreasing sarcomere rest lengths (SL,) with
increasing OM concentration (p < 0.001, Figure 3-30-A). The addition of 100 nM OM
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resulted in a decrease in sarcomere rest length by 2.6 £ 1.5% on average, as compared to
0 nM control. At micromolar concentrations of OM, the average observed SL, seemed to
increase again. At these high concentrations, some few sarcomeres seemed to get pulled
apart by the (presumably stronger) neighboring sarcomeres, which became particularly evi-
dent in the state of constant contracture at 10 uM (see Figure 6-9 and kymograph in Figure
3-28-E). Our analysis thus yielded larger average rest lenghts for all sacormeres, despite
even shorter SL,, for the non-disrupted sarcomeres. To account for this bias, only concen-

trations 0 to 100 nM were included in the analysis of SL.
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Figure 3-30: Effects of OM on sarcomere length and contraction amplitude. Concen-
tration-response relationships were determined on 15 kPa. (A) Sarcomere length at rest
(SL,, p <0.001) and minimal sarcomere length observed during recording time (Min. SL,
p < 0.001). Micromolar concentrations were excluded from analysis of SL,, because ruptured
sarcomeres resulted in biased average rest lengths (see text for details). (B) Average contrac-
tion amplitude (ASL,,,, p = 0.15) and maximal contraction amplitude observed during re-
cording time (Max. ASL,_,, p = 0.29). Micromolar concentrations were excluded from the
analysis as the video analysis algorithm was not applicable to determine ASL,_ . for highly
uncoordinated beatings at 1 uM and at the state of constant contracture at 10 uM OM. p-
values as determined via rmANOVA. N = 6 cells for 0 to 100 nM OM. N = 4 cells for 1 to
10 uM OM. Figure 6-10 shows the corresponding individual line graphs for each cell, indi-
vidually.

We next evaluated the time-to-peak contraction (T,,), and our analysis suggested a ten-
dency towards shorter T, . with increasing concentration of OM (Figure 3-31, Table 3-5).
We observed T, oo = 0.62 £ 0.03 s and T, 1000y = 0.58 £ 0.06 s (p = 0.03), however, a
higher number of experiments would have been required to allow for a relevant statement
about whether OM affected time-to-peak contraction. Again, at micromolar concentra-
tions, our analysis algorithm did not apply to determine time points of starting and peak
contraction, and these data were excluded from analysis. All above-stated results are sum-
marized in Table 3-5.
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Figure 3-31: The effect of OM on time-to-peak contraction. (A) Concentration-T,
curves for each cell, individually, as determined on 15 kPa. (B) Concentration-T, relation-
ship illustrated as average T one standard deviation. p = 0.03, as determined via rmANO-

VA. For uncoordinated contractions at micromolar concentrations, our analysis algorithm

did not apply to determine time points of starting and peak contraction, and thus T, such
that these data were excluded from the analysis.
Table 3-5: Effects of omecamtiv mecarbil on sarcomere contractility.

Conc. OM 0 nM 10 nM 100 nM 1M 10 yM

(N =0) (N =0) (N =0) IN=4) IN=4)

f [Hz] * 0.56 £ 0.05 0.74 £ 0.03 0.78 £0.04  0.84 £ 0.07 0.84 £ 0.03
SLo [um] * 1.80 £ 0.05 1.78+0.05 1.76+0.06 (1.77 £ 0.05) (1.86 + 0.07)
Min. SL [um] * 1.41 =+ 0.06 1.40 = 0.06 1.35 = 0.04 1.28 + 0.06 1.20 + 0.06
ASLmax [pm] 0.25+£0.04 0.22£0.02 0.24 £ 0.02
Max. ASLpax [pm] 0.43 £0.04  0.41 £ 0.05 0.45 £ 0.06
Tmax [s] * 0.62 £ 0.03 0.55 £ 0.07 0.58 £ 0.06
Ind-1 correl. * 0.77 £ 0.09 0.66 £ 0.12 0.67£0.18 0.11x£0.13 -0.36%0.17

At micromolar concentrations, values for SLo were biased by disrupted sarcomeres. Further, our
video analysis algorithm was not applicable to determine ASLmax and Tmax for highly uncoordinated
beatings at 1 uM and at the state of constant contracture at 10 pM OM. Ind1-correlation denotes
next-neighbor correlation of ASL at maximum contraction (see below). *: p < 0.05, as determined
via rmANOVA.

We further sought to evaluate potential effects of omecamtiv mecarbil on the inter-
sarcomeric coherence of contractions. Figure 3-32 displays the next-neighbor correlation of
the change in sarcomere length at maximum contraction for different OM concentrations.
Although our video analysis algorithm was not applicable to determine ASL, . at = 1 uM
OM (see above), it was able to determine ASL(t) and therefore its correlation between sar-
comeres, such that we were able to include all recorded concentrations of OM in the analy-

sis.
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We observed a significant tendency towards lower correlation with increasing concentra-
tion of OM (p < 0.001). A higher number of experiments would have been required to
further support the observed trend in the nanomolar concentration range, where post-hoc
paired t-tests yielded a significant decrease between 0 nM and 10 nM OM (p = 0.04), but
no significant decrease between 0 nM and 100 nM OM (p = 0.16). However, the clear drop
of correlation close to zero at 1 uM OM (0.11 % 0.13) was evident, and it was in line with
the qualitative observation that sarcomere contractions became highly inhomogeneous, i.e.
uncorrelated. At 10 uM OM, correlation dropped even further to -0.36 £ 0.17, thus indicat-
ing a certain amount of anti-correlation between sarcomere contractions. This observation
was consistent with the qualitative notion, that at 10 uM OM, cardiomyocytes entered into
a state of constant contracture, where some few single contractions of single sarcomeres
occurred very sparsely. If part of a myofilament did contract, some single sarcomeres in
other parts of the myofilament seemed to get pulled apart, and thus the change in sarco-
mere length ASL between these sarcomeres was anti-correlated. All ind1-correlation coeffi-

clents are listed in Table 3-5.
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Figure 3-32: The effect of OM on next-neighbor correlation. Concentration-effect rela-
tionship for next-neighbor correlation at maximum contraction was determined on 15 kPa.
(A) Concentration-correlation curves for each cell, individually. (B) Concentration-
correlation relationship illustrated as average * one standard deviation. p < 0.001, as deter-
mined via rmANOVA. While our video analysis algorithm was not applicable to reliably
determine ASL,, at = 1 uM OM,, it was able to measure ASL(t) and therefore its correla-

tion.
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3.5 Temporal Development of the Sarcomeric Network

Endogenous fluorescent labeling of Z-lines raised the intriguing prospects to visualize the
temporal development of sarcomeric myofibrils in live CM. In this section, we show proof
of concept that our newly developed knock-in lines facilitate studies on the dynamic tem-

poral development of the sarcomeric network in live HES-2-derived cardiomyocytes.

3.5.1 Time Scales of Sarcomere Assembly

To study time scales of myofibrillogenesis, we digested HES-2-ACTN2-Citr-CM using
Accutase®, and subsequently seeded the cells onto Synthemax®-coated substrates. We

then recorded confocal z-stack time series of the developing cardiac myocytes.

In Figure 3-33, a single representative CM, here derived from HES-2-Citr-Linker, is dis-
played at various time points after seeding. In this particular cell, clear formation of sarco-
meric myofibrils was observed within two hours after seeding, and periodic beating became
apparent after roughly 2.5 hours. In other experiments, the formation of well-assembled,
contracting myofibrils could be observed within < 30 minutes after seeding (data not
shown). These observations demonstrate the applicability of our knock-in lines to the dy-
namic studying of myofibrillogenesis in live CM, however, a higher number of experiments
at smaller time steps need to be performed to allow for more qualitative and quantitative

statements regarding the formation of the sarcomeric network.
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Figure 3-33: Temporal development of sarcomeres. Cardiomyocytes, here derived

from HES-2-Citr-Linker, were digested with Accutase® and seeded on Synthemax®-
coated glass coverslips. Z-stack time series of the developing cells were recorded; here only
slices at the coverslip plane are shown. First sarcomeric beating of this particular cell was
observed at roughly 2.5 h after seeding. Scale bar 20 um (only applies to images in third

row).

3.5.2 Disassembly of Myofibrils During Digestion with Accutase®

To gain insight not only into the assembly of cardiac sarcomeric networks, but also into the
disassembly of myofibrils, we confocally imaged live HES-2-ACTN2-Citr-CM during the
digestion process with Accutase® at one-minute time intervals (Figure 3-34). To this end,
we seeded HES-2-ACTN2-Citr-CM on micropatterned 15 kPa elastomer substrates, and
after five days of cell culture, we transferred the substrates to our confocal microscope
setup before starting the digestion process according to our standard protocol (Section 6.4).

Digestion was performed at room temperature and 5% CO,.
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Figure 3-34 shows several time frames from a typical digestion experiment. To mimic the
3-dimensional aspect of the digestion process, the frames display the z-projection over 36
z-slices at 0.5 um z-step size (slices summed). First signs of cell detachment were observed
roughly 15 minutes after start of digestion, as indicated by the white arrows. Throughout all
our digestion experiments (N = 4 cells), detachment of CM first started at the far end of
the myofibrils, and the cells would then roll together as the detachment process proceeded.
Notably, the sarcomeres appeared to stay morphologically intact and connected even in the
detached areas of the cells, such that the formerly elongated myofibrils were still visible at

the cell boundaries (clearly visible only in a 3D reconstruction of the z-stack time series).
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Figure 3-34: Disassembly of myofibrils during Accutase® digestion. CM, here de-
rived from HES-2-Citr-Linker, were seeded on micropatterned 15 kPa elastomer sub-
strates, and the detachment of the cells during the digestion with Accutase® was imaged
confocally at one-minute time steps (here, only images at three-minute time intervals are
shown). To mimic the 3-dimensional aspect of the digestion process, the frames display the
z-projection over 36 z-slices at 0.5 pm z-step size (slices summed). First signs of cell de-
tachment were observed roughly 15 minutes after start of digestion, as indicated by the
white arrows. In all digestion experiments (N = 4 cells), detachment of the cells was first
observed at the far end of the myofibrils (see red arrows), and the cells would then roll

together before becoming entirely unattached. Scale bar 10 um.
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4 Discussion

The aim of this thesis was to develop a robust fluorescence indicator system for the zn-vitro
characterization of human stem cell-derived cardiomyocytes. Part of the indicator system
was a novel cell line that was designed to express a stable fluorescent label of one of the
sarcomeric proteins, and as such to allow for longitudinal studies which should a) help to
understand basic mechanisms of sarcomere dynamics and synchronization of hPSC-CM,
and b) prove useful to the potential use of hPSC-CM in high-throughput drug screening
assays. Pursuing this aim, we chose to combine CRISPR/Cas9-mediated endogenous fluo-
rescent tagging of sarcomeric a-actinin (discussed in Section 4.1) with efficient micropat-
terning on substrates of different elasticity (Section 4.2). By custom developing a powerful
video analysis algorithm and applying it to contractility assays of micropatterned HES-2-
ACTN2-Citr-derived cardiomyocytes, we

A) were able to analyze sarcomere dynamics at the subcellular scale (Section 4.3),

B) gained insight into the mechanical crosstalk between the contractile elements of
cardiomyocytes (Section 4.3),

C) gained insight into how this crosstalk is affected by the stiffness of the surrounding
environment (Section 4.3), and

D) demonstrated proof-of-concept applicability of our indicator model in drug testing
(Section 4.4).

E) Further, we showed applicability of our indicator model in the dynamic studying of
myofibrillogenesis (Section 4.5).

4.1 CRISPR/Cas9-mediated Fluorescent Labeling of Z-lines in

Cardiomyocytes

Employing CRISPR/Cas9, we were able to produce an, in principle, unlimited number of
functional HES-2-derived cardiomyocytes with fluorescently labeled Z-lines. We generated
two genomically modified HES-2-derived stem cell lines, namely HES-2-Citr-Linker and
HES-2-Citr-4Mut, in which the Citrine variant of YFP was fused to the C-terminus of sar-
comeric a-actinin. In HES-2-Citr-Linker-CM, Citrine and ACTN2 were joined via a short
(6 AS) linker peptide, whereas in HES-2-Citr-4Mut-CM, Citrine and ACTN2 were fused
directly. Both cell lines yielded cardiomyocytes with functional and morphologically intact
sarcomeric networks, in which 100% of the Z-lines were labeled with fluorescent Citrine
(Section 3.2.4). Next to the ACTN2 reporter model which was published during the write-
up of this thesis by Ribeiro et al. (2020), this work presented the first stable, endogenous
fluorescent tagging of a cardiac Z-line protein in human PSC-derived cardiomyocytes. The-

se ACTN2 reporter models presented the first robust, endogenous labeling of any protein
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within the contractile apparatus in hPSC-CM, aside from the work published by Sharma et
al. (2018), which was conducted simultaneously to this study, and where the authors

demonstrated endogenous fluorescent tagging of cardiac titin.

The bright and highly photostable fluorescence of Citrine allowed for high-frequency, high-
resolution confocal imaging of the sarcomeric network in live single-cell cardiomyocytes at
18.2 fps. In combination with our custom-written analysis algorithm, we were able to track
Z-lines at roughly 50 nm spatial and 55 ms temporal resolution!!. Endogenous tagging fur-
ther facilitated longitudinal studies, such that e.g. the effects of drug treatment on sarco-
mere contractility could be assessed using the same batch of cells. Moreover, dual fluores-
cent imaging of sarcomere shortening and cytosolic Ca**-flux was possible in our transgen-

ic cell lines.

Endogenous fluorescent tagging yielded supreme advantages over transient labeling via cell
transfection. In a second approach to the fluorescent labeling of Z-lines in hPSC-derived
CM (data not shown), we transfected hiPSC-CM with a plasmid using transfection reagent
Viafect® (Anson 2015; Kaneko et al. 2016; Wang X et al. 2016). In the DNA construct,
the Citrine variant of YFP was fused to a-actinin 2, i.e. similarly to our endogenously ex-
pressed fusion protein. Even though we could optimize these cell transfections to accepta-
ble transfection efficiencies and cell viability, transfection efficiency was highly irreproduci-
ble and transient labeling was not suitable for longitudinal studies. Moreover, the transfec-
tion process itself seemed to interfere with the CMs’ contractility, and multiple concerns
such as overexpression with resultant artifacts occurred. In contrast, endogenous labeling
provided ready-to-use, 100% fluorescent CM, and we did not encounter limitations often
observed in transfected cells, e.g. the overexpression of the fluorescent protein (Section
1.6). Notably, the labeling was stable up to at least two years, and we were able to culture
monolayers of HES-2-ACTN2-Citr-CM for at least four weeks without signs of newly aris-

ing functional deficits (data not shown).

Both, in terms of morphology and (single-cell) functionality, we observed no substantial
differences between HES-2-Citr-Linker- and HES-2-Citr-4Mut-derived CM (Section 3.3.2).
Considering that we have only studied one batch of differentiation per each cell line, no
evaluation of whether the linker peptide affected functionality could be stated. As several
benefits of linker peptides in the engineering of fusion proteins have been described else-
where (Chen et al. 2013), we chose to focus on HES-2-Citr-Linker for follow-up investiga-

tions.

PCR sequencing of both cell lines revealed a single nucleotide base pair insertion (T:A) in

the untargeted allele directly at the Cas9 cleaving site (Figure 3-16). This indel resulted in a

11 Note that the scanning frequency and thus temporal resolution can easily be increased by a factor of 4 via
bi-directional confocal scanning (x 2) and by scanning without line average (x 2). It can be increased even
further by zooming into smaller ROIs, such as single myofibrils (see discussions in Section 4.6). However,
all data in this thesis were recorded using uni-directional confocal scanning with two times line average,
and in all cases, the whole micropatterned cardiomyocytes were imaged.
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shift of reading frame, which in turn lead to a mutated wild-type allele with an extra 44
amino acids, as compared to the endogenous HES-2 wild-type sequence. Such indels near
the Cas9 cleaving site during CRISPR/Cas9-mediated genome editing are likely to occur
due to non-homologous end joining and have been described in the literature (Ratz et al.
2015; Uemura et al. 2016; Wang H et al. 2016). Although we did not observe obvious phe-
notypes in our 2D-culture experiments, further studies are required to test for potential
impairments of satcomere/cell functionality. In this context, the high expression level of
the targeted allele (80%) vs. the mutated wild-type allele (20%; Figure 3-14) suggested par-

tial malfunction in the latter.

To identify potential protein folding perturbations and help elucidate whether potential
functional impairments were more likely to occur due to the mutation in the untargeted
allele, or due to the fusion to Citrine itself, we generated 3D protein models as predicted
via the web-based Phyre2 platform (Figure 3-17). These models predicted a C-terminal
alpha-helix extension for the untargeted alleles, where the folding of the remaining protein
seemed to be unaltered, as compared to the wild-type model. In the case of the knock-in
alleles, the fusion to Citrine, with and without linker, appeared to induce a bending of the
entire C-terminal end of ACTN2. Qualitatively, the fusion to Citrine thus seemed to induce
a greater alteration of the ACTN2 structure than the extra alpha-helix in the mutated wild-
type allele. In both cases, our protein models predicted no interference within the actin
binding domain. Considering that ACTN2 forms dimers in the sarcomeric network (Ribei-
ro et al. 2014), either mutation might have interfered with e.g. the dimerization or strength
of dimers, and thus might have resulted in reduced stability or resistance to tension. Fur-
ther, interference within the EF hands located near the C-terminus might have affected the
function and strength of the sarcomeres/myocytes, as these motifs are involved in the
binding of titin (Ribeiro et al. 2014). Moreover, unspecific expression of GFP has been
demonstrated to impair contractile function and isometric force development in rat myo-
tubes and cardiomyocytes (Nishimura et al. 2006; Agbulut et al. 2007), which Agbulut et al.
(2007) have attributed to the binding of GFP to the actin-binding site of myosin. However,
it remains unclear whether this competition is also relevant when the fluorescent protein
(in our case Citrine YFP) is bound to a protein (in our case x-actinin) rather than being

expressed unspecifically.

Ultimately, a new generation of indel-free knock-in lines or Cas9-guided repair of the muta-
tion would help clarify whether the extra 44 amino acids resulting from the indel affected
contractile function. As stated above, the indel most likely occurred due to non-
homologous end joining (Ratz et al. 2015; Uemura et al. 2016). In this regard, two simple
changes to the CRISPR/Cas9 protocol may help inhibit NHE]: a) Increasing the concen-
tration of donor DNA and thus increasing the likelihood for HDR, and b) utilizing Cas9
ribonucleoproteins instead of Cas9 plasmids to avoid an exhausting induction of double-
strand breaks (Wang H et al. 2010).
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Last, potential off-target effects, which display a common concern in CRISPR/Cas9-
mediated genome editing (Hsu et al. 2014), may have interfered with cell functionality. In
this context, it is worthwhile to note that none of the four cell clones with a homozygous
Citrine knock-in grew to sufficient clone sizes at the PSC level (Section 3.2.1): As the 2-
isoform of a-actinin is believed to only be expressed in sarcomeric muscle (Peran et al.
2010; Shen et al. 2016), and thus not in undifferentiated stem cells, insufficient growth of
these four homozygous knock-in stem-cell clones may be a hint to the occurrence of off-
target effects in our cell lines, as our target mutation should have had no effect at the stem-
cell level. Here, more homozygous knock-in clones would have to be studied, and an entire
genome sequencing would help to further elucidate this consideration, however, such se-

quencing was not within the scope of this thesis.

Despite these potential impairments of absolute functionality and whatever reasoning lies
behind them, we believe that our knock-in cell lines are suitable to study re/ative effects as
probed in this thesis, where we compared the contractility of HES-2-ACTN-Citr-CM on
substrates of various stiffness (discussed in Section 4.3), and the contractility under the

influence of pharmacological intervention (discussed in Section 4.4).

4.2 Micropatterning for Defined Experimental Conditions

We employed two major techniques of micropatterning to shape HES-2-ACTN2-Citr-CM
to physiological aspect ratios of 7:1 and cell sizes ranging from 700 to 2000 um®. To deci-
pher the impact of matrix elasticity on sarcomere dynamics, we aimed to seed cells on very
stiff glass substrates (E ~ 50-100 GPa) on the one hand, and on 15 kPa elastomer sub-
strates on the other hand, which we chose to mimic the physiological microenvironment in
the heart (Berry et al. 2006; Engler et al. 2008). On relatively hard glass substrates, straight-
forward conventional PDMS stamping yielded well-defined and reproducible micropatterns
of rectangular Synthemax® islands (Figure 3-4). On soft 15 kPa elastomer substrates, how-
ever, conventional PDMS stamping did not yield sufficient results, as immersion of the
stamps into the elastomer resulted in distorted and irreproducible patterning geometries
(Figure 6-3). We thus turned to a technique first described by Hampe et al. (2014), in which
the ECM proteins were deposited through cavities in microstructured lift-off epoxy mem-
branes (Hampe et al. 2014). Optimizing this lift-off membrane technique to our needs (Sec-
tion 2.3.5) rendered micropatterning of hPSC-CM on 15 kPa elastomer substrates sufficient
(Figure 3-5).

Micropatterning of HES-2-ACTN2-Citr-CM facilitated the convenient studying of sarco-
mere dynamics in single cells under defined experimental conditions. In single-cell experi-
ments, a defined cardiomyocyte shape is crucial, as sarcomere alignment is known to be
regulated by cell shape, and an optimized contractility of CM at physiological aspect ratios
of 7:1 has been reported (Bray et al. 2008; Kuo et al. 2012; McCain et al. 2014; Ribeiro AJS

et al. 2015). We examined micropatterned CM a) in contractility experiments on substrates
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of different stiffness (see discussions in Section 4.3) and b) in contractility experiments
testing for drug interference (Section 4.4). While micropatterning certainly was of great
help in assessing the impact of matrix elasticity on sarcomere dynamics in isolated CM, it
remains questionable whether investigating micropatterned single-cell CM is reasonable in
pharmacological screening experiments. Single-cell cultures, and 2D cultures with apical-
basal polarity in general, have repeatedly shown to be highly unphysiological, nowhere
close mimicking the 3D ## vivo microenvironment in the heart (Baker and Chen 2012; Ku-
rokawa and George 2016; Atmanli and Domian 2017; Duval et al. 2017; Fang and Eglen
2017). To this end, turning to organized monolayers or more advanced 2D culture formats
(Salick et al. 2014), 3D culture (Fong et al. 2016; Zuppinger 2016), or even engineered tis-
sue/myocardium (Tiburcy et al. 2014; Kurokawa and George 2016; Tiburcy et al. 2017)
might be more suitable in terms of pharmacological testing. In these culture formats as
well, our novel cell lines with endogenous fluorescent labeling can potentially provide in-
sight into sarcomere dynamics or intercellular synchronicity, and into how these parameters

are influenced when exposed to medical drugs.

Keeping these considerations in mind, the results and interpretations discussed below may
not transfer to larger ensembles of CM including monolayers, 3D cultures, tissue or even
the heart in whole. Nonetheless micropatterning will be of use to upcoming follow-up
studies, e.g. in contractility experiments with pairs of CM seeded at various spacing, where
we aim to understand mechanisms of intercellular cross talk and synchronization (Section
2.3.1, Figure 2-4-B).

4.3 The Effects of Extracellular Matrix Elasticity on Cardiomyocyte
Contractility

Aiming to understand the influence of extracellular matrix elasticity on the dynamics of
sarcomeric beating, we ran contractility experiments with micropatterned HES-2-ACTN2-
Citr-CM on stiff glass and relatively soft 15 kPa elastomer substrates. We custom devel-
oped a Python®-based analysis algorithm to extract a) basic parameters of sarcomeric beat-
ing and b) the inter-sarcomeric cross-correlation of contraction amplitudes as a measure for
the coherence of sarcomeric beatings (for a detailed description of the algorithm, see Sec-
tion 3.3.1). Combining measurements conducted with CM derived from both, HES-2-Citr-
Linker and HES-2-Citr-4Mut, we analyzed 20 cells on glass (including a total of 216 sarco-
meres and 268 beating periods, corresponding to a total of 2850 individual sarcomere con-
tractions), and 16 cells on 15 kPa (177 sarcomeres, 213 beating periods, 2270 individual

sarcomere contractions).

We observed significantly higher sarcomere contraction amplitudes on 15 kPa substrates,
where the average contraction amplitude, ASL,_,
to glass (ASL,, g = 0.09 £0.03 um/0.10 £ 0.01 pum  [Linker/4Mut], ASL, . i5ip, =
0.20 £ 0.02 pm/0.19 + 0.06 pm, p < 0.001, Table 3-3 and Table 3-4). Similatly, the maxi-

was roughly double as high as compared
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mal observed contraction amplitudes, Max. ASL,_ ., were higher by 57-95% on 15 kPa

(Max. ASL, ., gue = 0.20 £0.04 um/0.23 £ 0.07 um, Max. ASL, . 54, = 0.39 £ 0.04/
0.36 £ 0.07 pm, p < 0.001). Similar findings of reduced cardiac contraction amplitudes on
stiff extracellular matrices have been described in the literature. Engler et al. (2008) exam-
ined embryonic quail and chicken CM on PA gels of various stiffnesses, and found a dra-
matic loss in contractile function when the substrate’s Young’s modulus E exceeded that of
the normal heart by far. Notably, Engler et al. (2008) did not analyze contractions on the
sarcomere level, but evaluated global contractions of the cells in bright field microscopy
and mapped these to the motion of fluorescent particles embedded in the gels. More simi-
lar to our study, Hersch et al. (2013) transfected late rat embryonic cardiomyocytes with an
ACTN2-GFP construct and analyzed sarcomere contractions on PA gels of stiffnesses 15-
90 kPa. Interestingly, despite there being a trend towards smaller contraction amplitudes
with increased ECM stiffness, Hersch et al. did not report a significant difference between
15 kPa (4.7 £ 2.1%), 30 kPa (4.0 £ 2.9%) and 90 kPa (3.0 = 1.7%; Hersch et al. 2013).
However, sarcomere shortenings of roughly 4% seemed low as compared to other studies
with rat cardiomyocytes, where contraction amplitudes were ~ 0.15 to 0.20 pm corre-
sponding to roughly 10% shortening (Galie et al. 2013; Shintani et al. 2014), and thus simi-
lar to our observations (~ 10% average shortening on 15 kPa, ~ 6% on glass). A reasona-
ble explanation for these findings would be that CM on very stiff glass substrates are
forced to perform contractions in a somewhat isometric regime, whereas on softer 15 kPa

elastomers, contractions are more isotonic.

For both cell lines, we observed a slight tendency towards higher beating frequencies on
15 kPa, however, the difference was not significant. These observations were in line with
those of Engler et al. (2008), who observed a decay in beating frequency for CM seeded on
stiff matrices. To further test whether matrix stiffness also affected consistency of the beat-
ing period, we evaluated the cell-specific relative standard deviation of the beating period,
Rel. STD,(T), i.e. the fluctuation of the period of spontaneous beatings within the individu-
al cells. Here, no significant difference between glass and 15 kPa could be found for either

one of the cell lines.

No difference between glass and 15 kPa could be observed in the time-to-peak contraction,
T, Interestingly, the fluctuation of T, . within the individual cells, Rel. STD,(T,.,,), was
significantly lower on 15 kPa in the case of both cell lines. These observations go along
with a higher level of coherence of sarcomeric beating on 15 kPa (see below), and a possi-
ble explanation could involve that on stiff glass substrates, mechanisms of pulling apart
between competing sarcomeres yielded some sarcomeres, which quickly reached their
shortest lengths, whereas other sarcomeres performed a full, lengthy contraction during the

same beating period.

Next, we wanted to gain insight into how matrix elasticity affected the level of coherence

of sarcomere contractions. To this end, we turned to analyzing the cross-correlation of the
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change in sarcomere length, ASL, between the individual sarcomeres within single myofi-
brils (see Section 3.3.1 for details). By calculating the correlation coefficients at the various
inter-sarcomeric distances, we obtained a measure for the coherence of contractions at the
subcellular level. We observed highly coherent contractions on 15 kPa substrates at inter-
sarcomeric distances up to at least twelve sarcomeres2z. On glass, we typically observed
positive correlation only between next-neighbor sarcomeres and correlation quickly
dropped to almost zero correlation even for next neighbors (Figure 3-20), and, notably,
even anti-correlation occurred (Figure 3-25-A & -C). Observation of anti-correlation on
these stiff glass substrates coincided with the qualitative observation of pulling-apart mech-
anisms between several sarcomeres, and all together, our results suggested that the rigid
mechanical microenvironment of the myocytes put constraints on the contractions of the
intracellular contractile elements and forced those sarcomeres into competition. This “pull-
ing-apart” between sarcomeres is illustrated qualitatively in the next-neighbor correlation
diagram in Figure 4-1-A, which shows the stereotypical contraction patterns (Section 3.3.1)
of four neighboring sarcomeres in a representative HES-2-Citr-Linker-CM on glass. While
sarcomere #1 and #2 were contracting, sarcomere #3 got elongated, which resulted in
anti-correlation between the two neighboring sarcomeres #2 and #3. In contrast to that,
Figure 4-1-B illustrates homogenous beating of a representative HES-2-Citr-Linker-CM on
15 kPa, where the stereotypical contraction patterns indicate correlated contractions of all

four neighboring sarcomeres.

As this study, to our knowledge, presented first similar insight into sarcomere dynamics,
comparing our findings to previous statements in the literature seems impracticable, partic-
ularly when considering that (inter-)sarcomeric coherence appears to not have been previ-
ously assessed. However, linking higher substrate stiffness to the incoherence of sarcomeric
beating intriguingly raises the question of whether higher ECM rigidity per se might play a
role in the pathogenesis of heatt failure and/or cardiac arrhythmia. One pathophysiological
implication of the observed incoherencies on stiff substrates might be that these directly
affect the electro-mechanical coupling in the heart. Various mechanisms of decreased me-
chanical output and ultimately heart failure resulting from fibrosis have been well-
recognized, both on the cellular and the global scale (Engler et al. 2008; Ribeiro AJS et al.
2015; Boothe et al. 2016; Gabriel-Costa 2018). To our knowledge, however, no mechanism
of (inter-)sarcomeric incoherencies has been noted to play a role in the impairment of the
electro-mechanical coupling in a stiff fibrotic ECM environment. In this regard, our cell
lines and data might provide a first (dynamic) subcellular insight into this aspect of why

work generation is less efficient in the fibrotic heart.

12 Data in this thesis are displayed for only up to 7-sarcomere distances (i.e. eight sarcomeres), as no longer
myofilaments could be analyzed in some of the individual cells.
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Figure 4-1: Competition between neighboring sarcomeres on stiff glass sub-
strates. The next-neighbor correlation diagrams show the stereotypical contraction pat-

terns (see Section 3.3.1 for definition) of four neighboring sarcomeres in a representa-
tive HES-2-Citr-Linker-CM on glass (A) and on 15 kPa (B).

To further elucidate whether the above-described effects were only perceivable when com-
paring the extremes of physiologically stiff elastomeres (15 kPa) to very stiff, unphysiologi-
cal glass substrates (50-100 GPa), our group conducted a follow-up study, where the exper-
imental design was extended to elastomer substrates with four different Young’s moduli
ranging from 7 to 60 kPa, and thus including that of the infarcted heart (Berry et al. 2000).
In this follow-up study, mainly performed by physics PhD candidate Daniel Haertter,
M.Sc., the above findings could indeed be confirmed in this (patho-)physiological range of

stiffness (manuscript in preparation).

Importantly, this thesis lacks a morphological characterization of the sarcomeric organiza-
tion within HES-2-ACTN2-Citr-CM. Safran and colleagues have discussed that the corre-
lated beating in cardiomyocytes might be limited by the structural order of myofibrils (Maj-
kut et al. 2013; Dasbiswas et al. 2015). Considering this, it may very well be possible that
the observed differences between 15 kPa and glass substrates can at least partially be at-
tributed to different ordering of the contractile elements due to the altered stiffness of the
microenvironment. However, in a brief qualitative cross-check we did not observe any
striking differences in myofilament density or axial alignhment, and we thus believe that
structural constraints were at least not entirely accountable for inducing the observed func-
tional effects. This would be supported by Hazeltine et al. (2012), who observed similar
effects of substrate stiffness on CM contractility, and could not link these effects to mor-

phology. On the other hand, we did observe what appeared to be bridged sarcomeres in
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many of the micropatterned cells. In these bridged sarcomeres, longitudinal actinin-bridges
seemed to be spanning between two neighboring Z-lines, and these bridges were oriented
perpendicularly to the regular Z-line orientation, i.e. in parallel with the myofilament (for
example, see Figure 3-11-A). While we have observed at least a few of these bridged sar-
comeres in the axial periphery of almost all micropatterned CM, it seems like the frequency
of appearance of bridged sarcomeres in the center-part of the cells was higher on glass sub-
strates. Interestingly, we barely observed bridged sarcomeres in confluent monolayers or
larger clusters of HES-2-ACTN2-Citr-derived CM (Figure 3-9). This purely qualitative ob-
servation may indicate that bridged sarcomeres somehow arose from boundary conditions
imposed by the unphysiological micropatterning environment, and the lower rate of
bridged sarcomeres on 15 kPa would be an indirect sign that these constraints were more
severe on glass. From these considerations, two helpful characterization analyses can be
proposed: a) Defining an order parameter for Z-lines similar to that described by Zemel et
al. (2010) for acto-myosin filaments seems to be an appropriate measure for the overall
organization and alignment of myofilaments. This analysis should also derive the
amount/fraction of bridged sarcomeres. b) A potential correlation between the contraction

amplitude of bridged and non-bridged sarcomeres should be examined.

As the main focus of this thesis was in the development of the fluorescence indicator sys-
tem and the respective analysis algorithm per se, and as it was thus simply not possible to
recruit more data within in the time scope of this thesis, the data described here cannot be
utilized to draw final conclusions on the discussed effects. However, even these preliminary
data certainly do underline the crucial need for optimal culture conditions of hPSC-derived
cardiomyocytes, which has repeatedly been stressed in the literature to ensure optimal mat-
uration and functioning of the myocytes (Parker et al. 2008; Zhang et al. 2013; McCain et
al. 2014; Tiburcy and Zimmermann 2014; Ribeiro AJS et al. 2015).

4.4 Drug Testing Applicability Exemplified Using Omecamtiv
Mecarbil

One potential and intriguing use of our novel indicator system would be an application in
high-throughput drug screening. To show proof of concept of such drug testing applicabil-
ity, we ran longitudinal contractility experiments in the presence of the selective cardiac
myosin activator omecamtiv mecarbil (OM) at difference concentrations. On 15 kPa, OM
concentrations ranged from 10 nM to 10 uM, thus including previously described EC;,
values (10-100 nM; Malik et al. 2011; Woody et al. 2018) as well as clinically relevant plasma
concentrations (100-600 nM; Vu et al. 2015). At micromolar [OM], sarcomeric beating
became highly inhomogeneous, and at 10 uM most of the sarcomeres entered into what
appeared to be a state of constant (hyper-) contracture. At these micromolar concentra-
tions, our Python®-based analysis algorithm did not apply to determine the starting time
and thus the

points of contraction, t as well as the time points of peak contraction, t

start,id max,i»
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individual contraction amplitudes ASL, ; with their current definition (see Figure 3-19,

Section 3.3.1 and Section 4.7). Therefore, only concentrations up to 100 nM OM were in-
cluded in the analysis of ASL, . and related parameters. Notably, the analysis algorithm did
reliably return the sarcomere length SL(t) and the change in sarcomere length ASL(t) over

time in the full concentration range.

In the nanomolar range, we qualitatively observed an expected positive inotropic effect of
OM on sarcomere contractions (see kymographs in Figure 3-28). This notion was support-
ed quantitatively by an observed decrease in the minimal sarcomere length (Min. SL)) with
increasing [OM] as a sign of hypercontraction, and this decrease in Min. SL. continued for
micromolar [OM]. At 100 nM, Min. SL. was shorter by 4.3+ 2.9%, and at 10 uM OM, it
was shorter by 14.9 £ 4.3%, as compared to 0 nM OM (p < 0.001). Despite the observed
decrease in Min. SL, no increase in sarcomere shortening amplitude could be registered

directly by evaluating the contraction amplitude ASL,_,, which did not change significantly

in the nanomolar concentration range. We believe that this lack of an observed increase in
ASL, .. was most likely due to limited temporal resolution (18 fps) paired with limited sta-
tistics due to the relatively low number of analyzed cells. These limitations may have simply
hindered the detection of the presumably small OM-evoked changes in sarcomere shorten-
ing amplitude. Here, an enhanced temporal resolution by a factor of 4 (i.e. ~ 70 fps), which
is easily achievable with our reporter model and our existing setup (Section 4.6), would
have rendered Z-line trajectories smoother and thus the evaluation of sarcomere contrac-
tion (amplitudes) more precise. With the current data, however, the effect of OM on sar-

comere shortening amplitude could not finally be evaluated.

Next to the expected decrease in minimum sarcomere lengths during peak contractions, we
observed a significant decrease in sarcomere rest lengths (SL,) with increasing [OM]. These
observations suggested that OM increased the passive tension of sarcomeres and/or de-
creased relaxation amplitude, which could ultimately be a sign of a negative lusitropic ef-
fect. An effect of OM on sarcomere rest length has not been described in the literature, but
may be explained through its proposed mechanism of action, which includes prolonged

actomyosin attachment and thin filament activation (Woody et al. 2018).

Liu et al. (2015) have further predicted slower — yet stronger — contractions of cardiac mus-
cle in the presence of OM, based on an observed decrease in shortening velocity in zz-vitro
motility assays. In contrast, our evaluation of the time-to-peak contraction (T,,,,) yielded an
insignificant trend towards shorter T, in the nanomolar OM concentration range, while
our analysis algorithm was not applicable to determine T, in the micromolar concentra-
tion range (see above). Our observations supported those by Nagy et al. (2015), who have
found a tendency towards faster contractions of permeablized rat CM up to the hundreds
of nanomolar OM range despite increasingly slower global contractions at micromolar
[OM]. To shine further light on this effect of OM with our indicator system a higher num-

ber of experiments at enhanced temporal resolution would be required.
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An entirely unexpected observation was that of significantly higher contraction frequencies
with increasing [OM] up to 150% baseline for micromolar concentrations (p < 0.001). To
our knowledge, no OM-mediated increase in contraction frequency has been described in
the literature, nor do the described mechanisms of action of OM predict a direct effect on
beating frequency. Concentration-dependent increases in heart rate have been described for
other downstream calcium sensitizers such as Levosimendan, but these most likely occur
due to effects on upstream regulatory mechanisms (Boknik et al. 1997; Toller and Stranz
20006). The observed increase in beating frequency in our single-cell experiments thus re-
mains unclear and may not be directly OM-evoked, but may rather be attributed to the
single-cell cardiomyocytes adapting to some chemical alterations imposed by the titration
of OM into the culture media. Here, control re-runs of these contractility experiments in
the presence of OM with a different batch of differentiation might certainly help to clarify
this potential effect. But notably, a significant increase was not only observed on 15 kPa,
but also in a second set of experiments on glass and already at relatively little OM concen-
trations of 1 nM (Figure 6-8). In this regard, it seems tempting to test whether CM mono-

layers or even engineered tissue would respond similarly to OM exposure.

We next turned to assessing the effect of OM on inter-sarcomeric coherence of contrac-
tions. In a qualitative video analysis, we observed a clear trend towards more inhomogene-
ous sarcomere contractions with increasing [OM], which became particularly evident at the
step from 100 nM to 1 uM OM (compare kymographs in Figure 3-28). Our quantitative
correlation analysis corroborated this notion (Figure 3-32), however, a higher number of
experiments would again be required to evaluate whether this effect was relevant at nano-
molar concentrations. The drop to almost zero correlation at 1 pM OM was in line with
our qualitative observations of highly inhomogeneous contractions, and the drop to nega-
tive values, i.e. anti-correlation, at 10 uM OM reflected the observation that in this stafe of
constant contracture, the sparsely occurring contractions of some few sarcomeres within a my-
ofilament would result in a pulling-apart/rupture of the neighboring sarcomere(s). To our
knowledge, no such interference of OM with the coherence of contractions has been de-
scribed in the literature. Whatever reasoning lies behind the OM-mediated incoherencies,
they might certainly affect the global homogeneity of contractions within the heart. How-
ever, since no such observations have been described, it might again be possible that these

effects do not transfer to greater ensembles of cardiomyocytes.

It is noteworthy to further discuss what happened at micromolar [OM], as 7) clinically rele-
vant plasma concentrations come close to the low micromolar range (100-600 nM; Vu et al.
2015), and #) in multiple previous publications the effects of OM were studied up to these
micromolar concentrations (Malik et al. 2011; Nagy et al. 2015; Swenson et al. 2017;
Woody et al. 2018). As already briefly stated above, at 1 uM OM sarcomere contractions
became dramatically more inhomogeneous as compared to 100 nM OM, and it qualitatively
seemed like neighboring sarcomeres competed in pulling each other apart. This resulted in

Z-line movements that resembled a wiggling around rather than coherent contractions
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along the myofilaments, despite still globally contracting cardiomyocytes. At 10 uM, sarco-
mere contractions barely occurred at all, and most of the sarcomeres appeared to be in a
state of constant (hyper-) contracture with sarcomere lengths as short as 1.1 um. Some few
sarcomeres, however, were found to be in a largely stretched state (up to 3.8 um), and oc-
casionally, we would observe contractions of single sarcomeres into the above-mentioned
state of constant contracture, which resulted in other, neighboring sarcomeres being
dragged apart. The most reasonable explanation of such observations would be, that at
micromolar [OM], the OM-enhanced entry into the strongly bound state of the contractile
cycle and the OM-enhanced prolongation of this state were (sub-) saturated, which resulted
in a duration of contraction that exceeded a single full contraction cycle (Woody et al.
2018). In this regard, our observations at micromolar [OM] could explain a decrease in
cardiac force development at OM concentrations beyond 1 uM, as observed by Nagy et al.
(2015). Furthermore, Woody et al. (2018) demonstrated an almost entirely diminished myo-
sin working stroke at 10 uM OM albeit a high level of thin-filament activation. Here, these
findings may be in line with our observation of a state of constant contracture at 10 uM
OM.

Notably, the above interpretations certainly remain vague. Next to a higher number of ex-
periments for improved statistics at enhanced temporal resolution, there would be a need
for several biochemical and electrophysiological co-experiments to decipher the complex
effects of OM on sarcomere dynamics. However, even these rather rudimental experiments
demonstrate the applicability of our indicator system to drug testing iz vitro. With regard to
omecamtiv mecarbil, it seems like our indicator model contribute an important morpholog-

ical feedback in live CM to the research community.

4.5 Studies of Myofibrillogenesis in Live Cardiomyocytes

Having cell lines with an endogenous label of a sarcomeric network protein at hand raised
the intriguing prospects to visualize sarcomere development and myofibrillogenesis in live
CM. In brief proof-of-concept experiments, we tested the applicability of our system to
image a) the assembly and b) the disassembly of cardiac myofibrils.

To image the development of the sarcomeric network, we plated HES-2-ACTN2-Citr-CM
on unpatterned Synthemax®-coated substrates after Accutase®-digest and recorded time-
lapse z-stacks of isolated single-cells (Figure 3-33). As previously described by Dabiri et al.
(1997), sarcomere assembly would start out with Z-bodies that were gradually drawn to-
wards the growing myofilaments and integrated into new sarcomeric structures. Typically,
the first contracting sarcomeres became visible within one to two hours, however, in some
cells we observed well-organized, contracting myofibrils as early as 30 minutes after seed-
ing. We refrained from further investigating the details of sarcomere assembly within the
scope of this thesis but noted the potential insight that our knock-in cell lines can contrib-

ute to the understanding of myofibrillogenesis.
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It was further interesting to image the disassembly of sarcomeres during the digestion pro-
cess, as digestion of CM is a common part of the experimental procedure during the prepa-
ration of experiments as well as during cell culture. To this end we recorded time-lapse
confocal z-stacks of HES-2-ACTN2-Citr-CM during Accutase® digest and found that the
cardiac myofibrils appeared to be axially coiled up during the detachment process, while
the sarcomeres seemed to stay morphologically intact (Figure 3-34). We did not further
track the fully dissociated cells in suspension, but if the sarcomeres really did stay intact, it
would yield important insight to examine whether these digested sarcomeres/myofibrils were

still able to contract.

4.6 Improvement of Temporal Resolution

One major drawback of this thesis was that the Python®-based analysis algorithm was not
available until one year after the above presented data were recorded. At the time when we
video recorded the presented contractility experiments, we a) expected to analyze the entire
cells in whole rather than just single myofilaments, and b) we adjusted our microscope set-
tings such that it would yield a fairly good compromise between contrast and temporal
resolution (18.2 fps, which seemed sufficient for gross qualitative observations by eye).
Having employed our analysis algorithm to our data, we now know that the contrast ob-
tained with the bright fluorophore Citrine sufficed by far, however, a temporal resolution
of 18.2 fps was barely enough to precisely determine sarcomere shortening and related pa-
rameters, particularly when seeking to detect subtle differences e.g. during drug treatment.
In retrospect, we would have thus shifted our focus away from improving contrast and
more towards temporal resolution. We would have refrained from scanning with two times
line average (2-fold increase of temporal resolution), and we would have employed bi-
directional scanning, which yields an extra factor of two in temporal resolution. In total, the
temporal resolution can thus easily be increased 4-fold to roughly 72 fps with our existing
system, which would greatly enhance the precision of parameters such as contraction am-
plitude, time-to-peak contraction (T,,), and shortening/relaxation velocity. Further, for
analysis of sarcomere contractility as performed in this thesis, it would be sufficient and
thus reasonable to zoom into the single myofilaments of interest. This would not only re-
duce the number of line scans and thus greatly improve temporal resolution even further,
but it would also increase pixel- and thus spatial resolution, if needed. An additional record-
ing of the entire cell in whole should, however, still be pursued for potential further analy-

sis of the global contraction behavior.
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4.7 Shortcomings of and Potential Improvements to the Analysis

Algorithm

Although our Python®-based analysis algorithm was powerful in the tracking of Z-lines
and in deducing several relevant parameters of sarcomere contractility, it does leave room

for several improvements.

In general, the semi-manual manner of the algorithm rendered the analysis yet very time
consuming (30-45 minutes per each cell). The major manual steps included 7) selection of
the myofilament of interest in Image]-based Fiji, 7#) adjustment of thresholds and several
other parameters for the intensity-peak-finding algorithm for the tracking of Z-line trajec-
tories, and 7) manual picking of the starting time point of each contraction cycle, respec-
tively. Such time-consuming analysis may be feasible when analyzing a limited number of
cells, as in this thesis, but particularly when considering high-throughput screening experi-
ments, a fully automatized algorithm would be needed. In terms of the above-mentioned
manual steps, the following adjustments could be implemented for automation: Regarding
7), a better temporal resolution would allow for a different type of peak finding algorithm,
where adjustments of parameters would only have to be set once for an entire set of exper-
iments: For relatively “low” temporal resolution, as for the data presented in this thesis
(18.2 fps), the assignment of intensity peaks to Z-lines for many cases could only be
achieved via careful tuning of settings such as minimum peak distance or minimum peak
height. At higher temporal resolution, the assighment of intensity peaks to Z-lines can in-
stead be accomplished via a differential method, where the peaks are automatically assigned
based on relative, incremental movement. Regarding 7), the starting point of each contrac-
tion cycle could be derived from frame-to-frame auto-correlation, i.e. cross-correlation of
frame i and i+1. A drop of this auto-correlation below a certain threshold would then indi-
cate a relevant motion and could be utilized to define time frames of starting contractions.
Regarding 7), the extent of potential automation depends on the application. For detailed
studies of sarcomere contractility on the sub- to intercellular level, a manual selection of
filaments seems appropriate. To speed up the analysis, a graphical user interface could here
be implemented directly into the Python® script, such that there would be no need for
working with Image]/Fiji. If, on the other hand, a larger scale analysis is of interest, e.g. in

high-throughput screening, the tracking algorithm may have to be changed entirely.

A further deficit of our analysis algorithm is that it does not reliably deduce parameters
such as contraction amplitude or time-to-peak contraction for very incoherent beatings. If

the starting time points of each contraction cycle j largely differ among sarcomeres i, t

start,j

and possibly even t,, . will not be accurate for all sarcomeres i and contraction cycles j (see

max,j
Figure 3-19). At least the determining of the contraction amplitudes ASL, . would then be
= SLy; — SL,n;; = SLg; — SLi(t.), Where SLy; is

the average rest length of sarcomere i during the recording time, and SL, is the mini-

‘min,ij

more accurate if determined as ASL., i

mum sarcomere length of sarcomere 1 during contraction cycle j. Currently ASL, . for sar-
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comere i during contraction cycle j is calculated as ASL,, ;; = | ASLi(t,,.) — ASLi(t.u) | =
SLi(t and thus SL(t

cycle j adds an extra uncertainty (see Figure 3-19), as one would expect SL,; to be constant

SLi(t,a), Where the determining of t ;) for each contraction

start,j) - start,] statt,

over time.

Several further deficits of our analysis were, again, rather due to the “low” temporal resolu-
tion. At higher temporal resolution, the following improvements could be implemented for
further insight: a) evaluation of contraction and relaxation velocities, b) analysis of dwell
time in state of full contraction, and c) correlation analysis of the first derivative of sarco-
mere shortening, where the latter should be more powerful in detecting subtle differences
in the coherence of beatings than correlation analysis of just the contraction amplitudes. As
stated in Section 4.6, the temporal resolution can easily be increased 4-fold with our exist-
ing imaging setup by simple adjustments to standard recording settings, and by that, the full

power of our video analysis algorithm could be utilized.

4.8 Concluding Remarks and Perspectives

In conclusion, we have demonstrated stable, endogenous and heterozygous fluorescent
labeling of sarcomeric actinin in HES-2-detived cardiomyocytes using CRISPR/Cas9. En-
dogenous labeling allowed for the generation of an, in principle, unlimited number of live
and functional CM with fluorescent Z-lines. Second, we have established two well-
described micropatterning techniques in our laboratories and optimized these techniques to
our needs, such that we were able to efficiently micropattern CM on very stiff glass and on
softer elastomer substrates — in our case 15 kPa to mimic the physiological microenviron-
ment of the heart. Third, we have developed a powerful Python®-based video analysis
algorithm to derive several relevant parameters of sarcomere contractility including a meas-
ure for the inter-sarcomeric coherence of contractions. Taken together, our indicator sys-
tem allowed for exciting insight into sarcomere dynamics at the subcellular level, and par-
ticularly due to the robust endogenous labeling, we were able to examine these dynamics in
longitudinal studies, which open prospects for high-throughput analysis. Despite several
limitations to the genomically modified cell lines that may render abso/ute values unreliable,

we believe that our knock-in cell lines do allow for the evaluation of relative effects.

Our experiments yielded insight into how extracellular matrix elasticity affects sarcomere
contractility and coherence of contractions. Not only were we able to validate a well-known
impairment of contractile function on very stiff glass substrates, which became most strik-
ingly evident in a decrease of contraction amplitudes by roughly 50% as compared to
15 kPa, but we also demonstrated a severe impact of ECM elasticity on inter-sarcomeric
coherence. We here observed highly coherent contractions on 15 kPa substrates at inter-
sarcomeric distances up to at least twelve sarcomeres, whereas on stiff glass substrates,
correlation quickly dropped to almost zero correlation even for next neighbors, and, nota-

bly, even anti-correlation occurred. Observation of anti-correlation on these stiff glass sub-
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strates coincided with the observation of pulling-apart mechanisms between several sarco-
meres, and all together, our results suggested that the rigid mechanical microenvironment
of the myocytes put constraints on the contractions of the intracellular sarcomeres, that

forced these contractile elements into competition.

We demonstrated proof-of-concept applicability of our indicator system to drug screening
experiments by running contractility experiments in the presence of the cardiac myosin
activator omecamtiv mecarbil. Our observations supported a positive inotropic effect of
OM, and interestingly, our data further suggested that OM a) has an undescribed positive
chronotropic effect, and b) impairs inter-sarcomeric coherence of contractions in isolated,
single-cell CM. Mainly due to a limited number of analyzed cells and thus poor statistics,
and due to an insufficient temporal resolution, a more sophisticated interpretation of these

proof-of-principle experiments was hindered.

In simple time lapse experiments of live CM, we moreover demonstrated proof of concept
of how our indicator system can possibly contribute to the understanding of the assembly

and disassembly of cardiac myofibrils.

We have discussed multiple shortcomings of this study and suggested potential improve-
ments accordingly. Perhaps most strikingly, the temporal resolution of roughly 18 fps ap-
peared to be insufficient particularly when seeking to evaluate subtle effects of pharma-
cotherapy. Importantly, this temporal resolution can easily be increased 4-fold with our
existing imaging system, which should render our indicator system sufficiently sensitive to

detect small changes in sarcomere contractility.

Our proof-of-principle experiments raised intriguing prospects of multiple follow-up stud-
ies. First, the evaluation of the effects of ECM elasticity should be extended to shine fur-
ther light on how the boundary conditions imposed by the cells’ microenvironment affect
sarcomere contractility, including the mechanical interplay between sarcomeres. As stated
in Section 4.3, our group has, in fact, already conducted such follow-up study, where the
experimental design was extended to elastomer substrates with four different Young’s
moduli ranging from 7 to 60 kPa. In this study, mainly performed by PhD candidate Daniel
Haertter, M.Sc., we were able to validate the above-discussed effects for this physiologically
more relevant elasticity range, and we further proposed an elastic spring model, that could
explain the observed incoherencies and even anti-correlation on stiffer substrates (manu-
script in preparation). Notably, these findings are not only relevant to the cardiology field,

but also provide insight into the biophysics of basic cell mechanics.

Second, our indicator model may yield important insight in pre-clinical pharmaceutical
screening experiments, while pre-clinical screening experiments with hPSC-CM offer the
advantage of avoiding potential side effects. Here, our indicator system could potentially be
used in high-throughput screening, if the analysis can be further automatized. Third, the
endogenous ACTN2 fluorescence reporter may provide exciting insight in studies on the

development of the sarcomeric network both, in matured CM and during the maturation of
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cardiac progenitors. More elaborate time lapse imaging of live, matured HES-2-ACTN2-
Citr-CM may vyield further insight into myofibrillogenesis, and time lapse imaging during
the maturation of HES-2-ACTN2-Citr-derived cardiac progenitors can provide structural
insight into the maturation process. Fourth, micropatterning of HES-2-ACTN2-Citr-CM
offers the potential to study length- and time scales of synchronization between cardiomy-
ocytes. To this end, our photomasks already include patterns, which allow us to seed cardi-
omyocytes pairwise at various distances and geometries (Figure 2-4-B). Further, optical
trapping experiments with HES-2-ACTN2-Citr-CM should yield exciting mechanical and
morphological insight into the time scales of the development of sarcomeres and/or myo-
fibrils under stretch. As mechanical stress has been identified as one of the major elicitors
and modulators of myofibril formation (Russell et al. 2010; Yang et al. 2016; Yuan et al.
2017), it is highly intriguing to test the real-time response of our knock-in CM to mechani-
cal triggers. One way to apply mechanical stress and record direct mechanical feedback is
via optical tweezers. Our existing resonant-scanning confocal microscope setup combines
optical trapping and high-speed fluorescence imaging (Schlosser 2015). In particular, we
here hope to gain insight into the cells’ real-time response to stress, and we seek to explore
whether — and if so, on which time scales — myofibrillogenesis can be triggered by a pulling
via the optical tweezers. Last, it is intriguing to generate further knock-in cell lines from
hiPSC of patients with defined mutations. We have hiPSC cell lines available from patients
e.g. with mutations in either the alpha-cardiac actin gene or the gene encoding for
ryanodine receptor 2. Employing CRISPR/Cas9, it should be relatively straightforward to
knock in the Citrine gene into the ACTNZ2 locus of these hiPSC lines. Comparing contrac-
tility assays with CM derived from these mutant lines with those of CM derived from our
“wild-type” knock-ins may provide revealing insight into how those mutations of the sar-
comeric apparatus or the Ca*'-storage system affect sarcomere contractility, which may add

a whole new aspect to cardiovascular disease modeling.
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5  Summary

The aim of this thesis was to develop a fluorescence indicator system for the 7z-vitro charac-
terization of human stem cell-derived cardiomyocytes. We hypothesized that a) the Z-lines
in hPSC-CM can be reliably labeled via an endogenous expression of an ACTN2-Citrine-
fusion protein, b) endogenous labeling of Z-lines allows for longitudinal studies on sarco-
mere contractility and sarcomere development, c) fluorescently labeled CM can be plated
for high-throughput analysis under defined experimental conditions via micropatterning on

substrates of defined elasticity, and d) our indicator system can be applied in drug testing.

Employing the CRISPR/Cas9 system, we generated two human embryonic stem cell lines
with a heterozygous knock-in of Citrine into the sarcomeric actinin gene locus. In one of
the two lines, Citrine was fused directly to the C-terminal end of ACTN2, whereas we in-
troduced a small linker peptide in the second line. Exploiting our group’s knowledge in
cardiac differentiation, we were able to derive an, in principal, unlimited number of func-
tional cardiomyocytes with a stable and bright fluorescent label of Z-lines from both cell
lines. We turned to micropatterning and shaped the fluorescing myocytes to defined single-
cell geometries on both, very stiff glass substrates, and 15 kPa elastomers. In so-called con-
tractility assays, we then video-recorded the beating micropatterned CM at high spatial and
temporal resolution using our high-speed resonant-scanning confocal microscope. Finally,
we employed a custom-developed Python®-based video analysis algorithm, which enabled
us to derive relevant parameters of sarcomere contractility including inter-sarcomeric co-

herence of contractions.

The combination of the above techniques provided unprecedented insight into sarcomere
dynamics at the subcellular level. We demonstrated a severe impairment of contractile
function on very stiff glass substrates, which resulted in a 50% decrease in sarcomere
shortening amplitude, as compared to 15 kPa. Further we observed a strikingly lower level
of inter-sarcomeric coherence of contractions on these stiff substrates, which we attributed
to the boundary conditions imposed by the microenvironment of the cells. Next, we
demonstrated proof of concept that our indicator system can contribute to drug screening
assays by evaluating the effects of the cardiac myosin activator omecamtiv mecarbil on CM
contractility. Last, we showed proof-of-principle applicability of our indicator system in the

studying of myofibrillogenesis.

In conclusion, this study presents the first stable and robust, endogenous fluorescent label-
ing of a Z-disc protein in live hPSC-derived cardiomyocytes, next to the ACTN2 reporter
model which was published during the write-up of this thesis by Ribeiro et al. (2020). In
combination with high-speed confocal microscopy and our custom-developed, powerful
video analysis algorithm, these knock-in CM provided exciting insight into sarcomere con-

tractility and raised the intriguing prospects of multiple follow-up studies, including longi-
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tudinal drug screening assays as well as studies that aim for a further understanding of basic

mechanics of cardiac contractions.
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6.1 Additional Data and Data Illustrations
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Figure 6-1: Optimization of the exposure time of 8 ym deep photoresist mas-
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ters. (A) Exposure time: 3 s. (B) Exposure time: 8 s. The small structures on wafer
B), as indicated by the white dashed lines, show signs of overexposure. Here, the pho-
toresist could not fully be washed out during the photo development process. Images
recorded with an upright bright-field microscope (Leica DLM 4000, Leica microsys-
tems, Wetzlar, Germany). Scale bars 200 um.
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Figure 6-2: Incompletely developed 30 pm deep photoresist master. Wafer had been
shaked in photo developer for 10 minutes. As the depth of the cavities (30 um) was rela-
tively large with respect to the width of the smallest rectangles (10 um), simple shaking of
the wafers in photo developer did not yield sufficient results. We here had to introduce an
extra step of sonicating the wafers in photo developer for five minutes. Note that the pat-
tern shown here was used during the earlier stages of this project, when we had not yet
decided on the final shapes of the cardiomyocytes. Images recorded with an upright bright-
field microscope (Leica DLM 4000, Leica microsystems, Wetzlar, Germany). Scale bar
100 um.

Figure 6-3: Conventional PDMS stamping on soft 15 kPa elastomer substrates.
Stamp depth was 30 pm. Cells, here hiPSC-derived cardiomyocytes, were fixed and
immunostained for o-actinin 2. (A) Bright-field image. (B) Epifluorescence image.

Scale bars 70 um. See text for discussion.
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Figure 6-4: Representative HES-2-Citr-Linker-CM on glass. (A) Cardiomyocyte
derived from HES-2-Citr-Linker on a micropatterned glass substrate. A myofibril, here
comprising 10 sarcomeres, was selected as illustrated by the pink line. The intensity
profile in the selected ROI was analyzed using our custom-designed algorithm to
determine single Z-line trajectories. (B) Kymograph illustrating periodic displacement
of Z-lines in the selected ROI. (C) Z-line trajectories, as determined via our custom-
designed Python® script, mimic the above kymograph. (D) Change in sarcomete
lengths, ASL, as derived from Z-line trajectories. Scale bar 20 um.
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Figure 6-5: Representative HES-2-Citr-Linker-CM on a 15 kPa elastomer. (A)
Cardiomyocyte derived from HES-2-Citr-Linker on a micropatterned 15 kPa elastomer
substrate. A myofibril, here comprising 11 sarcomeres, was selected as illustrated by the
pink line. The intensity profile in the selected ROI was analyzed using our custom-designed
algorithm to determine single Z-line trajectories. (B) Kymograph illustrating periodic
displacement of Z-lines in the selected ROI. (C) Z-line trajectories, as determined via our
custom-designed Python® script, mimic the above kymograph. (D) Change in sarcomere
lengths, ASL, as derived from Z-line trajectories. For concision purposes, only 10
sarcomeres are displayed in (D), and only the corresponding 11 Z-line trajectories are

displayed in (C). Scale bar 20 pm.
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Figure 6-6: Representative HES-2-Citr-4Mut-CM on glass. (A) Cardiomyocyte
derived from HES-2-Citr-4Mut on a micropatterned glass substrate. A myofibril, here
comprising 12 sarcomeres, was selected as illustrated by the pink line. The intensity
profile in the selected ROI was analyzed using our custom-designed algorithm to
determine single Z-line trajectories. (B) Kymograph illustrating periodic displacement
of Z-lines in the selected ROIL. (C) Z-line trajectories, as determined via our custom-
designed Python® script, mimic the above kymograph. (D) Change in sarcomere
lengths, ASL, as derived from Z-line trajectories. For concision purposes, only 10

sarcomeres are displayed in (D), and only the corresponding 11 Z-line trajectories are
displayed in (C). Scale bar 20 pm.
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Figure 6-7: Calcium flux and Z-line trajectories of HES-2-ACTN2-Citr-CM. Z-
line trajectories of HES-2-Citr-Linker-derviced CM on a micropatterned glass substrate
(Figure 3-27). Initial displacement of Z-lines occurred at the increase in cytosolic calci-

um concentration.
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Figure 6-8: Concentration-frequency relationship for OM, as determined on glass.
Three different myofibrils in the same single cell were analyzed. Concentration-frequency
curves were plotted for each filament, individually. In the case of 100 uM OM, where most
sarcomeres had entered into a state of constant contracture and where typical sarcomere
contractions only occurred sparsely, the beating frequency was estimated from an overall
undulation of the cell’s Z-lines (see Figure 6-9). At all other OM concentrations, frequency
was obtained via our analysis algorithm. (p < 0.001, as determined via rmANOVA.)
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Figure 6-9: State of constant contracture. Graph shows position of Z-lines vs. time for
a HES-2-Citr-4Mut-CM on 15 kPa treated with 10 uM omecamtiv mecarbil. At higher mi-

cromolar concentration of OM (here 10 uM), most sarcomeres seemed to enter into what

appeared to be a state of constant contracture. While most sarcomeres were highly con-

tracted (here as short as 1.2 um), others seemed to get pulled apart by the (presumably

stronger) neighboring sarcomeres (here as long as 4.1 um). In this state of constant con-

tracture, our analysis algorithm did not yield a beating frequency due to missing contrac-

tions. However, the “beating” frequency could still be estimated from periodic overall un-

dulations of the cells’ Z-lines/frame, which became patticularly visible at the edge of the

cells (see top two Z-lines). In this case, a total of 16 of these undulations occurred (as indi-

cated by the red dashed lines) in 18.7 seconds, and thus f ~ 16/18.7 s = 0.86 Hz.
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Figure 6-10: Effects of OM on sarcomere length and contraction amplitude.

Concentration-response relationships on 15 kPa, as obtained for each cell individually.

(A) Sarcomere length at rest. At micromolar concentrations, the average sarcomere rest

length was highly biased due to ruptured sarcomeres with greater rest lengths as com-

pared to intact sarcomeres. (B) Minimal sarcomere length observed during recording

time. (C) Average contraction amplitude. (D) Maximal contraction amplitude observed

during recording time. In (C) and (D), micromolar concentrations were excluded from

analysis as the analysis algorithm was not applicable to determine ASL, . for uncoordi-

nated beatings at 1 uM and at the state of constant contracture at 10 uM OM.



6 Appendix 94

6.2 Relevant Nucleic Acid and Amino Acid Sequences

6.2.1 PCR Primer Sequences

Table 6-1: Primers used for amplification of the

donor vectors.

Direction Sequence (5’ to 3%)
Forward CATGGGGTGAGGGTGGATGGG
Reverse ACTGACTGAGTTGACCATCCAGC

Table 6-2: Primers used for genotyping and se-

quencing of transgenic cell lines.

Direction Sequence (5’ to 3%)

Forward GGAATTGTCCTATTTCCCACTG

Reverse GCATGAAAATAAAACATTAGAATCC
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6.2.2 Donor DNA Sequences

Table 6-3: Full sequences of donor DNA strands.

Donor Name

Sequence

SerGG

4Mut

CATGGGGTGAGGGTGGATGGGAAATAGCCCAGCTGATTTAGAAGGTAAGAAACCATGGCTCCTCCAACC
CCACTAAGAAACTTCTACTATAAATTATATAATATGCAAACTATAATGATATAAATTATAATGTGATAT
TTGAGATTTACTTATTTTGACTTTTACCAACCAGACTATTTGGCTGGAATTGTCCTATTTCCCACTGAA
CTTTTTTTTTAAAAGCTTCATCTTTTCTGGTATGAAATGCAGATCATAGTACGTATCCTCGCATTGTGG
CTCAGTTTGAGAACTACTAGTAATGCTCCATTTGCCTTTATGAAGCATATCACCCTTCCTGCTGGCCAG
GCCGCTTCTAGATACGCTCCTACAAGTAAAACTTGGCTTTCTGTTGGTTGTCTGGTACTACTATGCCAA
TAGACTCCCTATTCTTTAGTCCTTTTAAAAAATTAAACAGATGCAAGAAATATGTAAGTATTAAGACTG
TTTATGTTGTGGTGTTTCTGCAACTGACTGCAAACACGTGTGTATTTTTTCCCAGCCATACATCCTGGC
GGAGGAGCTGCGTCGGGAGCTGCCCCCGGATCAGGCCCAGTACTGCATCAAGAGGATGCCCGCCTACTC
GGGCCCAGGCAGTGTGCCTGGTGCACTGGATTACGCTGCGTTCTCTTCEGCACTCTACGGGGAGAGCGA
TCTGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGT
AAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAA
GTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCTTCGGCTACGGCCT
GATGTGCTTCGCCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGG
CTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTT
CGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCT
GGGGCACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATATCATGGCCGACAAGCAGAAGAACGG
CATCAAGGCCAACTTCAAGATCCGCCACAACATCGAGGACGGCGGCGTGCAGCTCGCCGACCACTACCA
GCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCTACCAGTCCAA
GCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGAT
CACTCTCGGCATGGACGAGCTATACAAG-TGCTGAGCTTCTGTAATCACTCATCCCATCAGAATGCA
ATAAAAGCGGAAGTCACAGTTTGTTTCCTGGAAACTTTGACAAGCTTTATTAAGTTGAGAGAGAGAGAG
GGGAAAAAAAAAAGCCTTTCGTAGTTCAGTAATTGCCAGCAATATAACACGGCTAAAATGAAGTTTTTA
CAGTATATGACATAGTGCGCTTCATAAATAGGTTTATTTCTGAGTTTTTAGCAAAATGTAATGAAATAT
CAGGTTGATTTCTTTGATTAAACAGAACAAATTACTTGAGTAATAGGAAATTAGGAGGATCTAGGGACA
GAAGGAAAGTGAAAAATGTGAAAATACAAAATACCCAAGATTTAAGACCGGGGGGAAAAAACCACAAAT
TGGTAAATAAAGGTTTGCTATTTGTAAAAAATTTCATTTATCTCTAATATGCTTATGTGATTGCCCCTA
GGGGAGTATATTTGGGATTCTAATGTTTTATTTTCATGCTTATCCAAAGATTACTATTGTATCTTCAAA
TGAATTTAATATTGTGAGATGGAACTGCCGGGGATTAAAAAGACTACCCAAAAGATTTTTGGCACTTAC
AATTTTTAAAATAGTTTATGTCATCTCTTCATTATTTAGGGCTGGATGGTCAACTCAGTCAGT

CATGGGGTGAGGGTGGATGGGAAATAGCCCAGCTGATTTAGAAGGTAAGAAACCATGGCTCCTCCAACC
CCACTAAGAAACTTCTACTATAAATTATATAATATGCAAACTATAATGATATAAATTATAATGTGATAT
TTGAGATTTACTTATTTTGACTTTTACCAACCAGACTATTTGGCTGGAATTGTCCTATTTCCCACTGAR
CTTTTTTTTTARAAGCTTCATCTTTTCTGGTATGAAATGCAGATCATAGTACGTATCCTCGCATTGTGG
CTCAGTTTGAGAACTACTAGTAATGCTCCATTTGCCTTTATGAAGCATATCACCCTTCCTGCTGGCCAG
GCCGCTTCTAGATACGCTCCTACAAGTAARACTTGGCTTTCTGTTGGTTGTCTGGTACTACTATGCCAR
TAGACTCCCTATTCTTTAGTCCTTTTAAAAAATTAAACAGATGCAAGARATATGTAAGTATTAAGACTG
TTTATGTTGTGGTGTTTCTGCAACTGACTGCARRCACGTGTGTATTTTTTCCCAGCCATACATCCTGGC
GGAGGAGCTGCGTCGGGAGCTGCCCCCGGATCAGGCCCAGTACTGCATCAAGAGGATGCCCGCCTACTC
GGGCCCAGGCAGTGTGCCTGGTGCACTGGATTACGCTGCGTTCTC T TCHGCHITETANGGGGAGAGCGA
TCTGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGT
ARACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCARGCTGACCCTGAR
GTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCTTCGGCTACGGCCT
GATGTGCTTCGCCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGG
CTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTT
CGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCT
GGGGCACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATATCATGGCCGACAAGCAGAAGAACGG
CATCAAGGCCAACTTCAAGATCCGCCACAACATCGAGGACGGCGGCGTGCAGCTCGCCGACCACTACCA
GCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCTACCAGTCCAA
GCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGAT
CACTCTCGGCATGGACGAGCTATACAAGHBMTGCTGAGCTTCTGTAATCACTCATCCCATCAGAATGCA
ATAAAAGCGGAAGTCACAGTTTGTTTCCTGGAAACTTTGACAAGCTTTATTAAGTTGAGAGAGAGAGAG
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GGGAAAAAAAAAAGCCTTTCGTAGTTCAGTAATTGCCAGCAATATAACACGGCTAAAATGAAGTTTTTA
CAGTATATGACATAGTGCGCTTCATAAATAGGTTTATTTCTGAGTTTTTAGCAAAATGTAATGAAATAT
CAGGTTGATTTCTTTGATTAAACAGAACAAATTACTTGAGTAATAGGAAATTAGGAGGATCTAGGGACA
GAAGGAAAGTGAAAAATGTGAAAATACAAAATACCCAAGATTTAAGACCGGGGGGAAAAAACCACAAAT
TGGTAAATAAAGGTTTGCTATTTGTAAAAAATTTCATTTATCTCTAATATGCTTATGTGATTGCCCCTA
GGGGAGTATATTTGGGATTCTAATGTTTTATTTTCATGCTTATCCAAAGATTACTATTGTATCTTCAAA
TGAATTTAATATTGTGAGATGGAACTGCCGGGGATTAAAAAGACTACCCAAAAGATTTTTGGCACTTAC
AATTTTTAAAATAGTTTATGTCATCTCTTCATTATTTAGGGCTGGATGGTCAACTCAGTCAGT

Linker CATGGGGTGAGGGTGGATGGGAAATAGCCCAGCTGATTTAGAAGGTAAGAAACCATGGCTCCTCCAACC
CCACTAAGAAACTTCTACTATAAATTATATAATATGCAAACTATAATGATATAAATTATAATGTGATAT
TTGAGATTTACTTATTTTGACTTTTACCAACCAGACTATTTGGCTGGAATTGTCCTATTTCCCACTGAA
CTTTTTTTTTAAAAGCTTCATCTTTTCTGGTATGAAATGCAGATCATAGTACGTATCCTCGCATTGTGG
CTCAGTTTGAGAACTACTAGTAATGCTCCATTTGCCTTTATGAAGCATATCACCCTTCCTGCTGGCCAG
GCCGCTTCTAGATACGCTCCTACAAGTAAAACTTGGCTTTCTGTTGGTTGTCTGGTACTACTATGCCAA
TAGACTCCCTATTCTTTAGTCCTTTTAAAAAATTAAACAGATGCAAGAAATATGTAAGTATTAAGACTG
TTTATGTTGTGGTGTTTCTGCAACTGACTGCAAACACGTGTGTATTTTTTCCCAGCCATACATCCTGGC
GGAGGAGCTGCGTCGGGAGCTGCCCCCGGATCAGGCCCAGTACTGCATCAAGAGGATGCCCGCCTACTC
GGGCCCAGGCAGTGTGCCTGGTGCACTGGATTACGCTGCGTTCTCTTCHGCHNTETANGGGGAGAGCGA
TCTGECACEICCACEHEEAGEHG T GAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGT
CGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTA
CGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGAC
CACCTTCGGCTACGGCCTGATGTGCTTCGCCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAA
GTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGAC
CCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAA
GGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATATCATGGC
CGACAAGCAGAAGAACGGCATCAAGGCCAACTTCAAGATCCGCCACAACATCGAGGACGGCGGCGTGCA
GCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTA
CCTGAGCTACCAGTCCAAGCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTT
CGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTATACAAGHEMTGCTGAGCTTCTGTAATCAC
TCATCCCATCAGAATGCAATAAAAGCGGAAGTCACAGTTTGTTTCCTGGAAACTTTGACAAGCTTTATT
AAGTTGAGAGAGAGAGAGGGGAAAAAAAAAAGCCTTTCGTAGT TCAGTAATTGCCAGCAATATAACACG
GCTAAAATGAAGTTTTTACAGTATATGACATAGTGCGCTTCATAAATAGGTTTATTTCTGAGTTTTTAG
CAAAATGTAATGAAATATCAGGTTGATTTCTTTGATTAAACAGAACAAATTACTTGAGTAATAGGAAAT
TAGGAGGATCTAGGGACAGAAGGAAAGTGAAAAATGTGAAAATACAAAATACCCAAGATTTAAGACCGG
GGGGARAAAACCACAAATTGGTAAATAAAGGTTTGCTATTTGTAAAAAATTTCATTTATCTCTAATATG
CTTATGTGATTGCCCCTAGGGGAGTATATTTGGGATTCTAATGTTTTATTTTCATGCTTATCCAAAGAT
TACTATTGTATCTTCAAATGAATTTAATATTGTGAGATGGAACTGCCGGGGATTAAAAAGACTACCCAA
AAGATTTTTGGCACTTACAATTTTTAAAATAGTTTATGTCATCTCTTCATTATTTAGGGCTGGATGGTC
AACTCAGTCAGT

Lightly red highlighted regions are part of the exon 21 of ACTN2. Written in green are the binding
domain sequence and respective PAM sequence of gRNA-2. Highlighted in grey are the binding
domain sequence and respective PAM sequence of gRNA-1. Highlighted in are silent muta-
tions, which were introduced to inhibit cleavage of the donor strands. Yellow highlighting denotes
the coding sequence for Citrine YFP, and highlighted in - is the sequence encoding for a small
linker peptide (Gly)s-Ala, which was inserted in the case of the donor termed Linker. Highlighted in
. is the endogenous STOP codon.



6 Appendix

97

6.2.3 DNA and Amino Acid Sequences of Transgenic Cell Lines

Green highlighting marks DNA amplification primers or linker sequence

Yellow highlighting marks Citrine sequence
. marks start of last ACTN2 exon
. marks endogenous STOP codon of last ACTN2 exon

I marks Cas9 cleaving site

I marks base pair insertion in untargeted alleles

B marks shifted STOP codon resulting from indel in untargeted alleles

Grey highlighting marks point mutations in the 5’ and 3° UTR that only occurred in some

of the multiple sequencing attempts. We did not observe these mutations in other attempts

(data not shown), and thus these mutations could be attributed to minor PCR errors.

Untargeted and WT alleles

Endogenous_ACTN2
WT_M13_rev
4Mut_untargeted M13_ rev
Linker untargeted T7_rev

Endogenous_ACTN2
WT_M13_rev
4Mut_untargeted M13_ rev
Linker untargeted T7_rev

Endogenous_ACTN2
WT_M13_rev
4Mut_untargeted M13_ rev
Linker untargeted T7_rev

Endogenous_ACTN2
WT_M13_rev
4Mut_untargeted M13_ rev
Linker untargeted T7_rev

Endogenous_ACTN2
WT_M13_rev
4Mut_untargeted M13_ rev
Linker untargeted T7_rev

Endogenous_ACTN2
WT_M13_rev
4Mut_untargeted M13_ rev
Linker untargeted T7_rev

Endogenous_ACTN2
WT_M13_rev
4Mut_untargeted M13_ rev
Linker untargeted T7_rev

Endogenous_ACTN2
WT_M13_rev
4Mut_untargeted M13_rev
Linker untargeted T7_rev

Endogenous_ACTN2
WT_M13_rev
4Mut_untargeted M13_rev
Linker untargeted T7_rev

Endogenous_ACTN2
WT_M13_rev
4Mut_untargeted M13_ rev
Linker untargeted T7_rev

GGAATTGTCCTATTTCCCACTGAACTTTTTTTTTAAAAGCTTCATCTTTTCTG
GGAATTGTCCTATTTCCCACTGAACTTTTTTTTTAAAAGCTTCATCTTTTCTG
GGAATTGTCCTATTTCCCACTGAACTTTTTTTTTAAAAGCTTCATCTTTTCTG
GGAATTGTCCTATTTCCCACTGAACTTTTTTTTTAAAAGCTTCATCTTTTCTG

GTATGAAATGCAGATCATAGTACGTATCCTCGCATTGTGGCTCAGTTTGAGAA
GTATGAAATGCAGATCATAGTACGTATCCTCGCATTGTGGCTCAGTTTGAGAA
GTATGAAATGCAGATCATAGTACGTATCCTCGCATTGTGGCTCAGTTTGAGAA
GTATGAAATGCAGATCATAGTACGTATCCTCGCATTGTGGCTCAGTTTGAGAA

CTACTAGTAATGCTCCATTTGCCTTTATGAAGCATATCACCCTTCCTGCTGGC
CTACTAGTAATGCTCCATTTGCCTTTATGAAGCATATCACCCTTCCTGCTGGC
CTACTAGTAATGCTCCATTTGCCTTTATGAAGCATATCACCCTTCCTGCTGGC
CTACTAGTAATGCTCCATTTGCCTTTATGAAGCATATCACCCTTCCTGCTGGC

CAGGCCGCTTCTAGATACGCTCCTACAAGTAAAACTTGGCTTTCTGTTGGTTG
CAGGCCGCTTCTAGATACGCTCCTACAAGTAAAACTTGGCTTTCTGTTGGTTG
CAGGCCGCTTCTAGATACGCTCCTACAAGTAAAACTTGGCTTTCTGTTGGTTG
CAGGCCGCTTCTAGATACGCTCCTACAAGTAAAACTTGGCTTTCTGTTGGTTG

TCTGGTACTACTATGCCAATAGACTCCCTATTCTTTAGTCCTTTTAAAAAATT
TCTGGTACTACTATGCCAATAGACTCCCTATTCTTTAGTCCTTTTAAAAAATT
TCTGGTACTACTATGCCAATAGACTCCCTATTCTTTAGTCCTTTTAAAAAATT
TCTGGTACTACTATGCCAATAGACTCCCTATTCTTTAGTCCTTTTAAAAAATT

AAACAGATGCAAGAAATATGTAAGTATTAAGACTGTTTATGTTGTGGTGTTTC
AAACAGATGCAAGAAATATGTAAGTATTAAGACTGTTTATGTTGTGGTGTTTC
AAACAGATGCAAGAAATATGTAAGTATTAAGACTGTTTATGTTGTGGTGTTTC
AAACAGATGCAAGAAATATGTAAGTATTAAGACTGTTTATGTTGTGGTGTTTC

TGCAACTGACTGCAAACACGTGTGTATTTTTTCCCAG-TACATCCTGGCGG
TGCAACTGACTGCAAACACGTGTGTATTTTTTCCCAGCCATACATCCTGGCGG
TGCAACTGACTGCAAACACGTGTGTATTTTTTCCCAGCCATACATCCTGGCGG
TGCAACTGACTGCAAACACGTGTGTATTTTTTCCCAGCCATACATCCTGGCGG

AGGAGCTGCGTCGGGAGCTGCCCCCGGATCAGGCCCAGTACTGCATCAAGAGG
AGGAGCTGCGTCGGGAGCTGCCCCCGGATCAGGCCCAGTACTGCATCAAGAGG
AGGAGCTGCGTCGGGAGCTGCCCCCGGATCAGGCCCAGTACTGCATCAAGAGG
AGGAGCTGCGTCGGGAGCTGCCCCCGGATCAGGCCCAGTACTGCATCAAGAGG

ATGCCCGCCTACTCGGGCCCAGGCAGTGTGCCTGGTGCACTGGATTACGCTGC
ATGCCCGCCTACTCGGGCCCAGGCAGTGTGCCTGGTGCACTGGATTACGCTGC
ATGCCCGCCTACTCGGGCCCAGGCAGTGTGCCTGGTGCACTGGATTACGCTGC
ATGCCCGCCTACTCGGGCCCAGGCAGTGTGCCTGGTGCACTGGATTACGCTGC

GTTCTCTTCCGCACI—CTACGGGGAGAGCGATCTG-TGCTGAGCTTCTGTA
GTTCTCTTCCGCACI—CTACGGGGAGAGCGATCTGTGATGCTGAGCTTCTGTA
GTTCTCTTCCGCAC.CTACGGGGAGAGCGATCTGTGATGCTGAGCTTCTGTA
GTTCTCTTCCGCAC.CTACGGGGAGAGCGATCTGTGATGCTGAGCTTCTGTA
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Endogenous_ACTN2
WT_M13_rev
4Mut_untargeted M13_rev
Linker untargeted T7_rev

Endogenous_ACTN2
WT_M13_rev
4Mut_untargeted M13_ rev
Linker untargeted T7_rev

Endogenous_ACTN2
WT_M13_rev
4Mut_untargeted M13_rev
Linker untargeted T7_rev

Endogenous_ACTN2
WT_M13_rev
4Mut_untargeted M13_ rev
Linker untargeted T7_rev

Endogenous_ACTN2
WT_M13_rev
4Mut_untargeted M13_ rev
Linker untargeted T7_rev

Endogenous_ACTN2
WT_M13_rev
4Mut_untargeted M13_ rev
Linker untargeted T7_rev

Endogenous_ACTN2
WT_M13_rev
4Mut_untargeted M13_ rev
Linker untargeted T7_rev

Endogenous_ACTN2
WT_M13_rev
4Mut_untargeted M13_ rev
Linker untargeted T7_rev

Endogenous_ACTN2
WT_M13_rev
4Mut_untargeted M13_rev
Linker untargeted T7_rev

Knock-in alleles
Linker target sequence
4Mut_knock-in_for
Linker knock-in_for

Linker target sequence
4Mut_knock-in_for
Linker knock-in_for

Linker target sequence
4Mut_knock-in_for
Linker knock-in_for

Linker target sequence
4Mut_knock-in_for
Linker knock-in_for

Linker target sequence
4Mut_knock-in_for
Linker knock-in_for

Linker target sequence
4Mut_knock-in_for
Linker knock-in_for

Linker target sequence
4Mut_knock-in_for
Linker knock-in_for

ATCACTCATCCCATCAGAATGCAATAAAAGCGGAAGTCACAGTTTGTTTCCTG
ATCACTCATCCCATCAGAATGCAATAAAAGCGGAAGTCACAGTTTGTTTCCTG
ATCACTCATCCCATCAGAATGCAATAAAAGCGGAAGTCACAGTTTGTTTCCTG
ATCACTCATCCCATCAGAATGCAATAAAAGCGGAAGTCACAGTTTGTTTCCTG

GAAACTTTGACAAGCTTTATTAAGTTGAGAGAGAGAGAGGGGAAAAAAAAAAG
GAAACTTTGACAAGCTTTATTAAGTTGAGAGAGAGAGAGGGGGAAAAAAAAAG
GAAACTTTGACAAGCTTTATTAAGTTGAGAGAGAGAGAGGGGGAAAAAAAAAG
GAAACTTTGACAAGCTTTATTAAGTTGAGAGAGAGAGAGGGGGAAAAAAAAAG

CCTTTCG-TTCAGTAATTGCCAGCAATATAACACGGCTAAAATGAAGTTTT
CCTTTCGTAGTTCAGTAATTGCCAGCAATATAACACGGCTAAAATGAAGTTTT
CCTTTCGTAGTTCAGTAATTGCCAGCAATATAACACGGCTAAAATGAAGTTTT
CCTTTCGTAGTTCAGTAATTGCCAGCAATATAACACGGCTAAAATGAAGTTTT

TACAGTATATGACATAGTGCGCTTCATAAATAGGTTTATTTCTGAGTTTTTAG
TACAGTATATGACATAGTGCGCTTCATAAATAGGTTTATTTCTGAGTTTTTAG
TACAGTATATGACATAGTGCGCTTCATAAATAGGTTTATTTCTGAGTTTTTAG
TACAGTATATGACATAGTGCGCTTCATAAATAGGTTTATTTCTGAGTTTTTAG

CAAAATGTAATGAAATATCAGGTTGATTTCTTTGATTAAACAGAACAAATTAC
CAAAATGTAATGAAATATCAGGTTGATTTCTTTGATTAAACAGAACAAATTAC
CAAAATGTAATGAAATATCAGGTTGATTTCTTTGATTAAACAGAACAAATTAC
CAAAATGTAATGAAATATCAGGTTGATTTCTTTGATTAAACAGAACAAATTAC

TTGAGTAATAGGAAATTAGGAGGATCTAGGGACAGAAGGAAAGTGAAAAATGT
TTGAGTAATAGGAAATTAGGAGGATCTAGGGACAGAAGGAAAGTGAAAAATGT
TTGAGTAATAGGAAATTAGGAGGATCTAGGGACAGAAGGAAAGTGAAAAATGT
TTGAGTAATAGGAAATTAGGAGGATCTAGGGACAGAAGGAAAGTGAAAAATGT

GAAAATACAAAATACCCAAGATTTAAGACCGGGGGGAAAAAACCACAAATTGG
GAAAATACAAAATACCCAAGATTTAAGACCGGGGGGAAAAAACCACAAATTGG
GAAAATACAAAATACCCAAGATTTAAGACCGGGGGGAAAAAACCACAAATTGG
GAAAATACAAAATACCCAAGATTTAAGACCGGGGGGAAAAAACCACAAATTGG

TAAATAAAGGTTTGCTATTTGTAAAAAATTTCATTTATCTCTAATATGCTTAT
TAAATAAAGGTTTGCTATTTGTAAAAAATTTCATTTATCTCTAATATGCTTAT
TAAATAAAGGTTTGCTATTTGTAAAAAATTTCATTTATCTCTAATATGCTTAT
TAAATAAAGGTTTGCTATTTGTAAAAAATTTCATTTATCTCTAATATGCTTAT

GTGATTGCCCCTAGGGGAGTATATTTGGCGATTCTAATGTTTTATTTTCATGC
GTGATTGGCCCTAGGGGAGTATATTTGGGATTCTAATGTTTTATTTTCATGC
GTGATTGCCCCTAGGGGAGTATATTTGGGATTCTAATGTTTTATTTTCATGC
GTGATTGGCCCTAGGGGAGTATATTTGGGATTCTAATGTTTTATTTTCATGC

GCGAATTGTCCTATTTCCCACTGAACTTTTTTTTTAAAAGCTTCATCTTTTCTGGTATG
GGAATTGTCCTATTTCCCACTGAACTTTTTTTTTAAAAGCTTCATCTTTTCTGGTATG
GGAATTGTCCTATTTCCCACTGAACTTTTTTTTTAAAAGCTTCATCTTTTCTGGTATG

AAATGCAGATCATAGTACGTATCCTCGCATTGTGGCTCAGTTTGAGAACTACTAGTAA
AAATGCAGATCATAGTACGTATCCTCGCATTGTGGCTCAGTTTGAGAACTACTAGTAA
AAATGCAGATCATAGTACGTATCCTCGCATTGTGGCTCAGTTTGAGAACTACTAGTAA

TGCTCCATTTGCCTTTATGAAGCATATCACCCTTCCTGCTGGCCAGGCCGCTTCTAGA
TGCTCCATTTGCCTTTATGAAGCATATCACCCTTCCTGCTGGCCAGGCCGCTTCTAGA
TGCTCCATTTGCCTTTATGAAGCATATCACCCCTCCTGCTGGCCAGGCCGCTTCTAGA

TACGCTCCTACAAGTAAAACTTGGCTTTCTGTTGGTTGTCTGGTACTACTATGCCAAT
TACGCTCCTACAAGTAAAACTTGGCTTTCTGTTGGTTGTCTGGTACTACTATGCCAAT
TACGCTCCTACAAGTAAAACTTGGCTTTCTGTTGGTTGTCTGGTACTACTATGCCAAT

AGACTCCCTATTCTTTAGTCCTTTTAAAAAATTAAACAGATGCAAGAAATATGTAAGT
AGACTCCCTATTCTTTAGTCCTTTTAAAAAATTAAACAGATGCAAGAAACATGTAAGT
AGACTCCCTATTCTTTAGTCCTTTTAAAAAATTAAACAGATGCAAGAAATATGTAAGT

ATTAAGACTGTTTATGTTGTGGTGTTTCTGCAACTGACTGCAAACACGTGTGTATTTT
ATTAAGACTGTTTATGTTGTGGTGTTTCTGCAACTGACTGCAAACACGTGTGTATTTT
ATTAAGACTGTTTATGTTGTGGTGTTTCTGCAACTGACTGCAAACACGTGTGTATTTT

TTCCCAG-TACATCCTGGCGGAGGAGCTGCGTCGGGAGCTGCCCCCGGATCAGGCC
TTCCCAGCCATACATCCTGGCGGAGGAGCTGCGTCGGGAGCTGCCCCCGGATCAGGCC
TTCCCAGCCATACATCCTGGCGGAGGAGCTGCGTCGGGAGCTGCCCCCGGATCAGGCC
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Linker target sequence
4Mut_knock-in_for
Linker knock-in_for

Linker target sequence
4Mut_knock-in_for
Linker knock-in_for

Linker target sequence
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Linker target sequence

CAGTACTGCATCAAGAGGATGCCCGCCTACTCGGGCCCAGGCAGTGTGCCTGGTGCAC
CAGTACTGCATCAAGAGGATGCCCGCCTACTCGGGCCCAGGCAGTGTGCCTGGTGCAC
CAGTACTGCATCAAGAGGATGCCCGCCTACTCGGGCCCAGGCAGTGTGCCTGGTGCAC

TGGATTACGCTGCGTTCTCTTCTGCTTIGTATGGGGAGAGCGATCTGGGAGGTGGAGG
TGGATTACGCTGCGTTCTCTTCTGCTTIGTATGGGGAGAGCGATCTG ———————————
TGGATTACGCTGCGTTCTCTTCTGCTTIGTATGGGGAGAGCGATCTGGGAGGTGGAGG

TGGAGCTGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAG
——————— GTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAG
TGGAGCTGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAG

CTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATG
CTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATG
CTGGACGGCGGCGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATG

CCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCC
CCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCC
CCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCC
ATTTGCACCACCGGCAAGCTGCCCGTGCC
GCAAGMTGACCCTGAAGTTCATTTGCACCACCGGCAAGCTGCCCGTGCC

CTGGCCCACCCTCGTGACCACCTTCGGCTACGGCCTGATGTGCTTCGCCCGCTACCCC
CTGGCCCACCCTCGTGACCACCTTCGGCTACGGCCTGATGTGCTTCGCCCGCTACCCC
CTGGCCCACCCTCGTGACCACCTTCGGCTACGGCCTGATGTGCTTCGCCCGCTACCCC
CTGGCCCACCCTCGTGACCACCTTGGGTTACGGCCTGATGTGCTTCGCCCGCTACCCC
CTGGCCCACCCTCGTGACCACTTTGGGTTACGGCCTGATGTGCTTCGCCCGCTACCCC

GACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGG
GACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGG
GACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGG
GACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGG
GACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGG

AGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTT
AGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTT
AGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTT
AGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTT
AGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTT

CGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGAC
CGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGAC
CGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGAC
CGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGAC
CGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGAC

GGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATATCA
GGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATATCA
GGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATATCA
GGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATATCA
GGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATATCA

TGGCCGACAAGCAGAAGAACGGCATCAAGGCCAACTTCAAGATCCGCCACAACATCGA
TGGCCGACAAGCAGAAGAACGGCATCAAGGCCAACTTCAAGATCCGCCACAACATCGA
TGGCCGACAAGCAGAAGAACGGCATCAAGGCCAACTTCAAGATCCGCCACAACATCGA
TGGCCGACAAGCAGAAGAACGGCATCAAGGCCAACTTCAAGATCCGCCACAACATCGA
TGGCCGACAAGCAGAAGAACGGCATCAAGGCCAACTTCAAGATCCGCCACAACATCGA

GGA-CGGCGGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGG
GGAACGGCGGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCMTCGGGGAAGG
GGA-CGGCGGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGG
GGA-CGGCGGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGG
GGA-CGGCGGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGG

CCCCGTGCTGCTGCCCGACAACCACTACCTGAGCTACCAGTCCAAGCTGAGCAAAGAC
CCCCGTGCTGCTGCCCSAAAACCACTACCTGAGCTACCAGTCCAAGCTGAACAAAGAC
CCCCGTGCTGCTGCCCGACAACCACTACCTGAGCTACCAGTCCAAGCTGAGCAAAGAC
CCCCGTGCTGCTGCCCGACAACCACTACCTGAGCTACCAGTCCAAGCTGAGCAAAGAC

CCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCA
CCCAACG

CCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCA
CCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCA

CTCTCGGCATGGACGAGCTATACAAGElTGCTGAGCTTCTGTAATCACTCATCCCAT
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CTCTCGGCATGGACGAGCTATACAAGTGATGCTGAGCTTCTGTAATCACTCATCCCAT
CTCTCGGCATGGACGAGCTATACAAGTGATGCTGAGCTTCTGTAATCACTCATCCCAT

CAGAATGCAATAAAAGCGGAAGTCACAGTTTGTTTCCTGGAAACTTTGACAAGCTTTA
CAGAATGCAATAAAAGCGGAAGTCACAGTTTGTTTCCTGGAAACTTTGACAAGCTTTA
CAGAATGCAATAAAAGCGGAAGTCACAGTTTGTTTCCTGGAAACTTTGACAAGCTTTA

TTAAGTTGAGAGAGAGAGAGGGGAAAAAAAAAAGCCTTTCGTAGTTCAGTAATTGCCA
TTAAGTTGAGAGAGAGAGAGGGGAAAAAAAAAAGCCTTTCGTAGTTCAGTAATTGCCA
TTAAGTTGAGAGAGAGAGAGGGGAAAAAAAAAAGCCTTTCGTAGTTCAGTAATTGCCA

GCAATATAACACGGCTAAAATGAAGTTTTTACAGTATATGACATAGTGCGCTTCATAA
GCAATATAACACGGCTAAAATGAAGTTTTTACAGTATATGACATAGTGCGCTTCATAA
GCAATATAACACGGCTAAAATGAAGTTTTTACAGTATATGACATAGTGCGCTTCATAA

ATAGGTTTATTTCTGAGTTTTTAGCAAAATGTAATGAAATATCAGGTTGATTTCTTTG
ATAGGTTTATTTCTGAGTTTTTAGCAAAATGTAATGAAATATCAGGTTGATTTCTTTG
ATAGGTTTATTTCTGAGTTTTTAGCAAAATGTAATGAAATATCAGGTTGATTTCTTTG

ATTAAACAGAACAAATTACTTGAGTAATAGGAAATTAGGAGGATCTAGGGACAGAAGG
ATTAAACAGAACAAATTACTTGAGTAATAGGAAATTAGGAGGATCTAGGGACAGAAGG
ATTAAACAGAACAAATTACTTGAGTAATAGGAAATTAGGAGGATCTAGGGACAGAAGG

AAAGTGAAAAATGTGAAAATACAAAATACCCAAGATTTAAGACCGGGGGGAAAAAACC
AAAGTGAAAAATGTGAAAATACAAAATACCCAAGATTTAAGACCGGGGGGAAAAAACC
AAAGTGAAAAATGTGAAAATACAAAATACCCAAGATTTAAGACCGGGGGGAAAAAACC

ACAAATTGGTAAATAAAGGTTTGCTATTTGTAAAAAATTTCATTTATCTCTAATATGC
ACAAATTGGTAAATAAAGGTTTGCTATTTGTAAAAAATTTCATTTATCTCTAATATGC
ACAAATTGGTAAATAAAGGTTTGCTATTTGTAAAAAATTTCATTTATCTCTAATATGC

TTATGTGATTGCCCCTAGGGGAGTATATTTGECATTICIARTCTTTTAT T T TCATGE

TTATGTGATTGCCCCTAGGGGAGTATATTTGGGATTCTAATGTTTTATTTTCATGC
TTATGTGATTGCCCCTAGGGGAGTATATTTGGGATTCTAATGTTTTATTTTCATGC

WT amino acid sequence of the last ACTN2 exon

CCATACATCCTGGCGGAGGAGCTGCGTCGGGAGCTGCCCCCGGATCAGGCCCAGTACTGC

P Y I L A E E

R R E L P P

D 0 A Q Y C

ATCAAGAGGATGCCCGCCTACTCGGGCCCAGGCAGTGTGCCTGGTGCACTGGATTACGCT

GCGTTCTCTTCCGCACTCTACGGGGAGAGCGATCTGTGA

Resulting Amino Acid Sequence of the mutated WT allele in the untargeted knock-

in alleles

CCATACATCCTGGCGGAGGAGCTGCGTCGGGAGCTGCCCCCGGATCAGGCCCAGTACTGC

p Yy I L. A E E L R R E L P P D Q A Q Y C

ATCAAGAGGATGCCCGCCTACTCGGGCCCAGGCAGTGTGCCTGGTGCACTGGATTACGCT

GCGTTCTCTTCCGCACTTCTACGGGGAGAGCGATCTGTGATGCTGAGCTTCTGTAATCAC

TCATCCCATCAGAATGCAATAAAAGCGGAAGTCACAGTTTGTTTCCTGGAAACTTTGACA

AGCTTTATTAAGTTGAGAGAGAGAGAGGGGAAAAAAAAAAGCCTTTCGTAG
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6.3 Reagents and Media

hES medium

385 ml of Knockout Dulbecco's modified Eagle's medium (DMEM, Cat 10829, Invi-
trogen, Carlsbad, USA)

100 ml of Knockout serum replacement (Cat 10828, Invitrogen, Carlsbad, USA)

5 ml of non-essential amino acids (final conc.: 0.1 mM; Cat 11140, Invitrogen, Carls-
bad, USA)

5 ml of I-glutamine (final conc.: 2 mM; Cat 25030, Invitrogen, Carlsbad, USA)

5 ml of penicillin/streptomycin (final conc.: 100 U/ml/100 pg/ml; Cat 15140, Invitro-
gen, Carlsbad, USA)

10 ng/ml basic fibroblast growth factor, typically added to smaller sized aliquots of
hES medium (Cat 130-093-841, Miltenyi Biotech, Bergisch Gladbach, Germany)

E8 medium

TeSR™-E8™ medium prepared from TeSR™-E8™ kit according to the manufactur-
er’s protocol (Cat 05940, Stemcell Technologies, Vancouver, Canada)
100 U/ml penicillin/100 pg/ml streptomycin (Cat 15140, Invitrogen, Catlsbad, USA)

RPMI basal medium

480 ml of Roswell Park Memorial Institute medium (RPMI) 1640 with Glutamax (Cat
61870-010, Invitrogen, Carlsbad, USA)

5 ml of sodium pyruvate (final conc.: 1 mM; Cat 11360, Invitrogen, Carlsbad, USA)

5 ml of penicillin/streptomycin (final conc.: 100 U/ml/100 pg/ml; Cat 15140, Invitro-
gen, Carlsbad, USA)

10 ml of B27 supplement (Cat 17504-044, Invitrogen, Carlsbad, USA)

200 uM L-ascorbic acid (Cat A8960-5G, Sigma Aldrich, Taufkirchen, Germany)

Mesodermal induction medium

RPMI basal medium (prewarmed)

1 uM CHIR (Cat 04-0004, Stemgent, Cambridge, USA)

5 ng/ml bone morphogenetic protein 4 (BMP4, Cat 314-BP, R&D systems, Minneap-
olis, USA)

9 ng/ml activin A (Cat 338-AC, R&D systems, Minneapolis, USA)

5ng/ml basic fibroblast growth factor (bFGF, Cat 130-093-841, Stemgent, Cam-
bridge, USA)

Cardiac differentiation medium

RPMI basal medium (prewarmed)
5 uM IWP4 (Cat 04-0036, Stemgent, Cambridge, USA)
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Selection medium

49.15 ml of glucose-free Roswell Park Memorial Institute medium (RPMI) 1640 (Cat
11879020, Life Technologies/Thermo Fisher Scientific, Waltham, USA)

0.5 ml of penicillin/streptomycin (final conc.: 100 U/ml/100 pg/ml; Cat 15140, Invi-
trogen, Carlsbad, USA)

0.25 ml of sodium lactate (final conc.: 2.2 mM; Cat 71723, Sigma Aldrich, Taufkirchen,
Germany)

0.1 ml of 2-Mercaptoethanol (final conc.: 0.1 mM; Cat 31350010, Invitrogen, Carlsbad,
USA)

DMEM, 0.8 mM Ca**

485 ml of Dulbecco's modified Eagle's medium with 4.5 g/1 D-glucose (DMEM, Cat
210068-028, Invitrogen, Carlsbad, USA)

5 ml of sodium pyruvate (final conc.: 1 mM; Cat 11360, Invitrogen, Carlsbad, USA)

5 ml of I-glutamine (final conc.: 2 mM; Cat 25030, Invitrogen, Carlsbad, USA)

5 ml of penicillin/streptomycin (final conc.: 100 U/ml/100 pg/ml; Cat 15140, Invitro-
gen, Carlsbad, USA)

10 ml of B27 supplement (Cat 17504-044, Invitrogen, Carlsbad, USA)

200 uM L-ascorbic acid (Cat A8960-5G, Sigma Aldrich, Taufkirchen, Germany)

0.22 um sterile-filtered CaCl,, titrated to 0.8 mM final concentration

EDTA solution (0.5 mM)

500 ml of calcium/magnesium-free PBS containing 0.45 g NaCl (Cat 14190, Invitro-
gen, Carlsbad, USA)

500 ul of 0.5 M, pH 8.0 EDTA (Cat A4892.0500, AppliChem, Darmstadt, Germany)
Sterile-filtered (0.22 um)

Accutase digestion medium

Accutase® Solution (Cat SCR005, Milipore, Burlington, USA)
20 pg/ml DNasel (Cat. 260913, Calbiochem, San Diego, USA)

Blocking buffer

500 ml of calcium/magnesium-free PBS containing 0.45 g NaCl (Cat 14190, Invitro-
gen, Carlsbad, USA)

25 ml of fetal bovine serum (FBS, Cat 10270, Invitrogen, Carlsbad, USA)

5 ml of bovine serum albumin (BSA, Cat A3311-50g, Sigma Aldrich, Taufkirchen,
Germany)

2.5 ml of Triton X-100 (Cat T8787, Sigma Aldrich, Taufkirchen, Germany)
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6.4 Protocols

EDTA Passaging of Wild-type and Transgenic HES-2

HES-2 were washed twice with 0.5 mM EDTA solution (room temperature), before
120 wl/cm® of 0.5 mM EDTA solution was added, and the cells were incubated for five
minutes at room temperature. Subsequently, the EDTA was aspirated off, and the cells
were rinsed off with 120 ul/cm’ fresh E8 medium containing 10 uM ROCK inhibitor
Y27632 (Cat 04-0012, Stemgent, Cambridge, USA). The cells were then plated in the cul-
ture dish of choice containing 200 pl/cm’ fresh E8 medium with10 uM ROCK inhibitor
Y27632. After 24 hours, the culture medium was changed for ROCK inhibitor-free E8

medium.

Single-cell Dissociation of HES-2-derived Cardiomyocyte Monolayets
CM were washed twice in PBS (Cat 14040, Invitrogen, Carlsbad, USA) and incubated with
0.1 ml/cm® Accutase® digestion medium for 10-15 minutes at 37 °C. The digestion pro-

cess was stopped with threefold RPMI basal medium containing 10 pM ROCK inhibitor
Y27632. Cells were then carefully triturated to single cells, centrifuged at 300 x g for five

minutes, and resuspended in appropriate medium for downstream applications.

Immunolabeling of hPSC-derived Cardiomyocytes

Cells were washed twice with PBS and subsequently fixed with 4% formaldehyde in PBS
(Roti® histofix 4%, Carl Roth, Karlsruhe, Germany) for 10 minutes at room temperature.
Subsequently, cells were permeablized in 0.5% Triton X 100 for 10 minutes on the rocker.
The dishes were washed once with PBS, before CM were blocked with 3% bovine serum
albumin (BSA) for at least 30 minutes. After PBS rinsing, cells were then incubated in 0.5%
Triton X for another five minutes on the rocker. The dishes were rinsed with PBS exten-
sively, and the cells were incubated with the primary antibodies at the desired concentration
in 3% BSA for at least one hour at room temperature. After washing out the primary anti-
bodies in 0.5% Triton X for 5 minutes and extensive PBS rinsing, CM were incubated with
the secondary antibodies and/or fluorophore-conjugated phalloidin for at least 30 minutes
at room temperature. All incubations with antibodies was performed on a rocker. After
another PBS rinsing, the remaining secondary antibodies were washed out in 0.5% Triton

X for five minutes, followed by a last PBS rinsing.

PCR and Gel Electrophoresis for Genotyping of the Transgenic Cell Lines

PCR and gel electrophoresis were performed by Mrs. Tanja Gall (Drittes Physikalisches
Institut, Georg-August-University Goettingen). Primers were designed by the author.
500,000 cells of each line were lysed in 50 ul of buffer, containing 50 mM KCI, 10 mM Tris
pH 8.3, 2.5 mM MgCl,, 0.45% Nonidet P-40, 0.45% Tween-20, 0.01% gelatin and 1 pg/ml
Proteinase K at 65 °C for 30 min. Proteinase K was then inactivated by heating the samples

at 95 °C for 15 min and 10 ul of sample were used as template for PCR. Primer sequences
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for DNA amplification are listed in Table 6-2. The PCR products were finally separated via

standard agarose gel electrophoresis.

Immunoblotting of Transgenic Cell Lines

Immunoblotting was performed by Mrs. Tanja Gall (Drittes Physikalisches Institut, Georg-
August-University Goettingen). 500,000 cells were collected in 150 pl of lysis buffer, con-
taining 150 mM NaCl, 50 mM Tris at pH 7.4, 2 mM EDTA and 1% Nonidet P-40 and
were stored at -20 °C until use. For SDS-PAGE electrophoresis, 6X Laemmli loading buff-
er was added and the sample was heated to 95 °C for five minutes for protein denaturation.
15 pl of sample were resolved by a 12% NuPAGE Bis-Tris gel (Invitrogen) and proteins
were transferred onto a polyvinylidene difluoride membrane (Immobilon-P; Millipore,
Billerica, MA) using a Bio-Rad Criterion Blotter. After protein transfer, the membrane was
blocked with 10% nonfat milk in PBS containing 0.05% Tween 20 for 30 minutes and in-
cubated with affinity-purified monoclonal anti-ACTN2 antibody from mouse (A7811, Sig-
ma-Aldrich) diluted at 1:2500 or anti-GFP antibody (11814460801; Roche) diluted at 1:500
at 4 °C overnight, followed by treatment with 1:5000 diluted peroxidase-labeled goat anti-
mouse IgG (A44106, Sigma-Aldrich). The reactivity was detected with an Amersham ECL
Detection Reagent (GE Healthcare Life science) using an Intas gel imager (Intas, Goettin-
gen, Germany). The membrane probed with anti-ACTN2 antibody was treated with buffer
containing 2% SDS, 100 mM B-mercaptoethanol, and 62.5 mM Tris-HCI (pH 6.8) at 50°C
for 30 min to remove bound probes, and re-probed with monoclonal anti-actin antibody
from mouse (clone C4; MP Biomedicals) in combination with peroxidase-labeled goat anti-
mouse IgG (A4416, Sigma-Aldrich).

DNA Sequencing

Cell lysis and amplification of DNA were performed by Mrs. Tanja Gall (Drittes
Physikalisches Institut, Georg-August-University Goettingen); primers were designed by
the author. PCR protocols and primer sequences for DNA amplification were the same as
were used for genotyping (Table 6-2). The PCR products were cloned into pCR® 2.1 vec-
tor using TA cloning® kit (Cat K2030-01, Thermo Fisher Scientific, Waltham, USA) and
sequenced by Seqlab using M13 sequencing primers (Seqlab, Goettingen, Germany).
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6.5 Python® Scripts

Script termed get trajectories to determine Z-line trajectories

# coding: utf-8

# In[ ]:

import sys
sys.path.append('/Users/path/functions.py')
from functions import *

get ipython () .magic(u'matplotlib notebook')
global folder

folder = None

plt.rcParams.update ({'font.size': 16})

# In[ ]:

directory = '/Users/path/cellx/'
files = []

start dir = directory

pattern = "*.x1s" # or '*.csv'
for dir, , in os.walk(start dir):

files.extend(glob.glob (os.path.join(dir,pattern)))
print files

# In[ ]:
filename = files[O0]
framerate = 18.2
folder = os.path.splitext (filename) [0]
if os.path.exists (folder)==False:
os.mkdir (folder)
subprocess.Popen(['open', folder])
# copy image in folder
name image = filename.split('.xls')[0] + '.png'
name dst = folder + '/' + os.path.basename (name image)
shutil.copyfile (name_ image,name dst)

# In[ ]:

peaks, time = get traj read and find peaks til(filename, folder, framerate, mph=20,
mpd=18, threshold=0, zeros z data=30)

np.savetxt (folder + '/peaks.txt',6 peaks)

# In[ ]:

peaks, time =

get traj read and find peaks(filename, folder, framerate,delta=19,sigma=4,zeros z data=30)
np.savetxt (folder + '/peaks.txt',6 peaks)

# In[ 1:

# define frame number of rest frame

rest_frame no = 20

np.savetxt (folder + '/rest frame param.txt', [rest frame no])

mph = 25

mpd = 18

threshold = 0

sigma = 1.8

test x pos,test z data,test time = read file(filename, framerate)

duarte x pos, duarte z data, duarte time = read file(filename, framerate)

duarte peaks rest = detect peaks.detect peaks(test z data[rest frame no,:], mph=mph,
mpd=mpd, threshold=0, edge='rising', kpsh=False, show=True)

num of peaks rest = len(duarte peaks rest)

peaks, time =

get traj read and find peaks til raw_sigma(filename, folder, framerate,num of peaks rest,m
ph=mph, mpd=mpd, threshold=threshold, sigma=sigma, zeros z data=30)

np.savetxt (folder + '/peaks.txt',6 peaks)

# In[ ]:

# define frame number of rest frame

rest_frame no = 0

np.savetxt (folder + '/rest frame param.txt', [rest frame no])
mph = 12

mpd = 17

threshold = 0

#test x pos,test z data,test time = read file(filename, framerate)

duarte x pos, duarte z data, duarte time = read file(filename, framerate)

duarte peaks rest = detect peaks.detect peaks(duarte z data[rest frame no,:], mph=mph,
mpd=mpd, threshold=threshold, edge='rising', kpsh=False, show=True)

num of peaks rest = len(duarte peaks rest)
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peaks, time = get traj read and find peaks til raw(filename, folder, framerate,
num of peaks rest, mph=mph, mpd=mpd, threshold=threshold, zeros z data=30)
np.savetxt (folder + '/peaks.txt',6 peaks)

# In[ ]:

# define frame number of rest frame

rest_frame no = 0

np.savetxt (folder + '/rest frame param.txt', [rest frame no])
mph = 12

mpd = 11

threshold = 0

#test x pos,test z data,test time = read file(filename, framerate)

duarte x pos, duarte z data, duarte time = read file(filename, framerate)

duarte peaks rest = detect peaks.detect peaks(duarte z datal[rest frame no,:], mph=mph,
mpd=mpd, threshold=threshold, edge='rising', kpsh=False, show=True)

num of peaks rest = len(duarte peaks rest)

peaks, time = get traj read and find peaks til raw right (filename, folder, framerate,
num of peaks rest, mph=mph, mpd=mpd, threshold=threshold, zeros z data=30)

np.savetxt (folder + '/peaks.txt',6 peaks)

# In[ ]:

pix size test = np.mean(np.diff (duarte x pos))
duarte peaks = detect peaks.detect peaks(duarte z data[l2,:], mph=12, mpd=17, thresh-
0l1d=0, edge='rising', kpsh=False, show=True)
duarte peaks xpos = duarte peaks*pix size test
print duarte peaks

print duarte peaks xpos

print len(duarte peaks)

peaks 1 = [pk for pk in enumerate (duarte peaks) ]
print peaks 1

np.mean (np.diff (duarte x pos))

# In[ 1:
z pos 0 = get traj assign peaks 1 (peaks,time, folder)

# In[ 1:
z pos_0 = get traj assign peaks 1 raw(peaks,time, folder)

# In[ ]:

ref idx =1

z _pos,time =

get traj assign peaks 2(z_pos 0,peaks,time,ref idx,folder,dist 1lims=(0.5,2.8),x1im=(0,35
))

np.savetxt (folder + '/ref idx param.txt', [ref idx])

# default dist lims=(0.5,2.8)

# In[ ]:
start contr float = get x manual (np.asarray(z_pos).T,x figsize=60)

# In[ ]:
# save if 'False'; if already saved, then 'True' and skip step above
if False:
start_contr = np.loadtxt (folder + '/start contr.txt')
else:
start contr = np.round(start contr float,0)
np.savetxt (folder + '/start contr.txt',6 start contr)

# In[ 1:

shift contr=0

start_contr corr =

get corrected start contr by correlation(z pos, framerate,start contr,shift contr=shift c
ontr)

np.savetxt (folder+'/start contr corr.txt',6start contr corr)

np.savetxt (folder + '/shift contr param.txt', [shift contr])

# plot start times and z-line trajectories

plot z lines and start contr(z pos,start contr corr, folder)

# In[ 1:
delta_slen,equ =
get delta slen(z_pos, folder,start contr corr, framerate,plot=True,back ind rest=4)x

# In[ ]:

delta_slen stereotyp =

get stereotypical peaks(delta slen, framerate,start contr corr, folder, timeshift=0, framera
nge=1.3)
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Script termed analysis to analyze parameters of contractility and inter-sarcomeric

correlation
# coding: utf-8

# In[1]:

import sys
sys.path.append('/Users/path/functions.py')
from functions import *

get ipython () .magic(u'matplotlib notebook')
global folder

folder = None

# In[7]:

directory = '/Users/path/cellx/'
files = []

start dir = directory

pattern = "* . xls"

for dir, , in os.walk(start dir):

files.gxtend(glob.glob(os.path.join(dir,pattern)))

# In[8]:

filename = files[O0]

framerate = 18.2

folder = os.path.splitext (filename) [0]
subprocess.Popen(['open', folder])

name of file = filename.split('.xls"') [0]

time = np.loadtxt (folder + '/time.txt')

z pos = np.loadtxt (folder + '/z pos.txt')

delta slen = np.loadtxt (folder + '/delta slen.txt')

#equ z pos = np.loadtxt (folder + '/equ z pos.txt')

equ = np.loadtxt (folder + '/equ.txt')

start contr corr = np.loadtxt(folder + '/start contr corr.txt')
delta slen stereotyp = np.loadtxt(folder + '/delta slen stereotyp.txt')

# In[9]:

idx good = range (0,7)

# CAVE: range(0O,n) is [0, 1, ..., n-1]

delta slen good = [delta slen[idx] for idx in idx good]

delta slen stereotyp good = [delta slen stereotyp[idx] for idx in idx good]
# In[10]:

scanrange contr=0.9 #make larger, if time of contraction is shorter and period too
small, 0.9 good for regular 15kPa RPMI

peaks auto,peaks _auto diff,height auto,vel minus,vel plus =

get _heights times period(delta slen good, framerate,time,start contr corr,scanrange contr
,folder, figsize=(20,2))

# In[13]:

zp =

make correlation plots stereotyp(delta slen stereotyp good, framerate, folder,t 1im=(0,1.0
))

#zp =

make correlation plots stereotyp(delta slen stereotyp good, framerate, folder,t 1im=(0,0.7
1))

# In[14]:
make correlation plots(delta slen good, framerate,start contr corr,folder,t 1im=(0,1.0))
make correlation plot single sarcomer(delta slen good, framerate,start contr corr, folder)

# In[l6]:

idx plot = np.arange(0,7,1)

#idx plot = np.arange(4,12,1)

yticks = [-0.2,-0.1,0,0.2]

make neighbor correlation plot(delta slen stereotyp, framerate, folder,idx plot,yticks=yti
cks, xrange_neighbor=1.3)

# In[17]:

corr stereotype loaded = np.load(folder + '/correlation/corr dist time stereotyp.npy')
corr_all loaded = np.load(folder + '/correlation/corr dist time.npy')
corr_stereotype vel loaded = np.load(folder +
'/correlation/corr dist time vel stereotyp.npy')

#corr all vel loaded = np.load(folder + '/correlation/corr dist time vel.npy')

# define time interval of maximal contraction correlation

time int of max contract = np.argmax(corr stereotype loaded,0) [0]

#time int of max contract = 15

time int of all max contract = np.argmax(corr_all loaded,0) [0]
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#time int of all max contract = 15

# define time intervals of maximal velocity correlation (contract and relax)
time_int of max_vel contract =

np.argmax (corr stereotype vel loaded[:time int of max contract],0) [0]

#time int of max vel contract = 9

time_int of max_vel relax = time_int_of max_contract +

np.argmax (corr stereotype vel loaded[time int of max contract:],0) [0]
#time_int of max vel relax = 12

corr stereo _at max contract = corr stereotype loaded[time int of max contract][:]
corr_stereo at max contract norm =

corr stereo_at max contract/corr stereotype loaded[time int of max contract] [0]

corr all at max contract = corr_all loaded[time int of all max contract][:]
corr_all at max contract norm =

corr _all at max contract/corr all loaded[time int of all max contract] [0]
corr_stereo at max vel contract =

corr stereotype vel loaded[time int of max vel contract][:]
corr_stereo at max vel contract norm =

corr_stereo_at max vel contract/corr stereotype vel loaded[time int of max vel contract]
[0]

corr stereo_at max vel relax = corr stereotype vel loaded[time int of max vel relax][:]
corr_stereo_at max_vel relax norm =

corr stereo_at max vel relax/corr stereotype vel loaded[time int of max vel relax][0]
np.savetxt (folder + '/correlation/corr stereo at max contract.txt',
corr_stereo_at_max_contract)

np.savetxt (folder + '/summary correlation contraction.txt',

corr stereo_at max contract norm, fmt='%.5g")

np.savetxt (folder + '/summary correlation velocity contr.txt',

corr stereo_at max vel contract norm, fmt='%.5g'")

np.savetxt (folder + '/summary correlation velocity relax.txt',
corr_stereo_at _max_vel relax norm, fmt='%.5g'")

np.savetxt (folder + '/summary correlation.txt', corr_stereo_at max contract norm,
fmt='%.5g")

f = open(folder + '/summary correlation.txt', 'a')
np.savetxt (f,corr all at max contract norm, fmt='%.5g')
np.savetxt (f,corr stereo_at max vel contract norm, fmt='
np.savetxt (f,corr stereo at max vel relax norm, fmt='%.5
f.close()

np.savetxt (folder + '/correlation/corr all at max contract.txt',
corr_all at max contract)

print ('Time interval of stereotype maximal contraction correlation is: %$s' %
(time_int_of max_ contract))

print ('corresponding to [s]: %s' % (time int of max contract/framerate))
print corr_stereo_at _max contract_norm

print ('Time interval of all maximal contraction correaltion is: %s' %
(time_int_of_all max_contract))

print corr_all at max_contract_norm

print corr stereo_at max vel contract norm

print corr stereo at max vel relax norm

#print time_int of all max contract

Q

# In[18]:

period to save = float (np.loadtxt (folder + '/period.txt')) #period script
mean_period to_save = np.loadtxt (folder + '/mean diff-std diff-mean freq-
std freqg.txt') [0]

std_period to_save = np.loadtxt (folder + '/mean diff-std diff-mean freq-
std freqg.txt') [1]

mean freq to save = np.loadtxt (folder + '/mean diff-std diff-mean freq-std freq.txt') [2]
std freq to save = np.loadtxt(folder + '/mean diff-std diff-mean freg-std freq.txt') [3]
rest_slen_ from restframe = np.loadtxt (folder + '/rest slen.txt')
mean_rest slen = np.nanmean(rest slen from restframe)

median_rest_slen = np.nanmedian(rest_slen_ from restframe)

std_rest_slen = np.nanstd(rest_slen from restframe)

zero_slen = np.loadtxt (folder + '/equ.txt')

mean_zero_slen = np.nanmean(zero_slen)

median zero slen = np.nanmedian(zero_ slen)

std zero slen = np.nanstd(zero_slen)

avg maxcontraction = abs (np.nanmean (height auto))

median maxcontraction = abs(np.nanmedian(height auto))

std maxcontraction = np.nanstd(height auto, ddof=1)

max maxcontraction = abs(np.amin(height auto))

min maxcontraction = abs(np.amax (height auto))

avg_velplus = np.nanmean (vel plus*framerate)

std velplus = np.nanstd(vel plus*framerate, ddof=1)
avg velminus = np.nanmean(vel minus*framerate)

std velminus = np.nanstd(vel minus*framerate, ddof=1)

avg_time_of maxcontraction = np.nanmean(peaks_auto diff/framerate)
median_time of maxcontraction = np.nanmedian (peaks_auto diff/framerate)
std time of maxcontraction = np.nanstd(peaks auto diff/framerate, ddof=1)
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num_sarcomeres_analyzed = len(height_auto)
num beatings analyzed = len(height auto[0])
vector to save output = [period to save, mean period to save, std period to save,
mean_freqg_to_save, std_freqg_to_save,
mean_rest slen, median rest slen, std rest slen,

mean_zero_slen, median zero slen, std zero slen,

avg maxcontraction, median maxcontraction, std maxcontraction,
max_maxcontraction, min_maxcontraction,

avg velplus, std velplus, avg velminus, std velminus,
avg time of maxcontraction, median time of maxcontraction, std time of maxcontraction,

num_sarcomeres_ analyzed, num beatings analyzed]
np.savetxt (folder + '/summary vector output.txt', np.atleast 2d(vector to save output),
fmt='%.5g"', delimiter="\t")

# In[19]:

mph param = np.loadtxt (folder + '/mph mpd thresh param.txt') [0]

mpd param = np.loadtxt (folder + '/mph mpd thresh param.txt') [1]

threshold param = np.loadtxt (folder + '/mph mpd thresh param.txt') [2]
dist min param = np.loadtxt (folder + '/dist lims param.txt') [0]
dist max param = np.loadtxt (folder + '/dist lims param.txt') [1]
zeros_z data param = float (np.loadtxt (folder + '/zeros z data param.txt'))
ref idx_param = float (np.loadtxt (folder + '/ref idx param.txt'))

shift contr param = float (np.loadtxt (folder + '/shift contr param.txt'))
back ind param = float (np.loadtxt (folder + '/back ind rest param.txt'))
timeshift param = np.loadtxt(folder + '/timeshift framerange param.txt') [0]
framerange param = np.loadtxt (folder + '/timeshift framerange param.txt') [1]
rest frame param = float (np.loadtxt (folder + '/rest frame param.txt'))
vector to save input = [framer-

ate,mph param,mpd param,threshold param,dist min param,dist max param,zeros z data param
,ref_idx param,

shift contr param,back ind param,timeshift param, framerange param,rest frame param,
time int of max contract,time int of all max contract,time int of max vel contract,time
int_of max vel relax,scanrange_contr]

np.savetxt (folder + '/summary vector input.txt', np.atleast 2d(vector to save input),
fmt='%.5g"', delimiter="\t")

Functions.py, which is called in the two above scripts

import numpy as np

import hbpy

import matplotlib.pyplot as plt

import peakutils as pu

from scipy import signal

import peakdetect

import detect peaks

#import matplotlib.cm as cmx

#import matplotlib.colors as colors

import glob

import os

import pylab as plb

#from statistics import mode

import subprocess

import scipy

from mpl toolkits.mplot3d import Axes3D

from matplotlib import colors as mcolors

from shutil import copyfile

import shutil

global folder

def read file(filename, framerate):

#read data

#data = pd.read csv(filename, delimiter='\t').T
file format = os.path.splitext (filename) [1]

if file format=='.csv':
data = np.genfromtxt (filename,delimiter="',"').T
y_int = data.T[1:].T[2:]
x_pos = datall][1l:]
if file format=='.xls':

data = np.genfromtxt (filename,delimiter="\t"').T
y_int = data.T[1:].T[2:]
x pos = data[l][1:]
#framerate -> time

no_frames = len(y_int)

print no_frames

framerate = float (framerate)

time = np.arange(0,no_ frames/framerate,l/framerate)
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return x pos,y int, time
def detekt peaks(x pos,y int,delta=40,sigma=5,zeros_z data=30,plot=False):
#def de-
tekt peaks(x pos,y int,thres=0.3,min dist=10,delta=40,sigma=5,zeros_z data=30,plot=False
)t
z data = np.zeros((len(y int),zeros z data))
#z_data = np.zeros((len(y int),30))
#print delta, sigma, zeros z data
#print len(y_int)
i= 0
for y in y int:
#idx 1 = pu.indexes (y,thres=thres,min dist=min dist)
#idx 0 = signal.find peaks cwt (y,widths=np.arange (20,300))
#print peakdetect.peakdet (y,delta=10,x=x pos)
#peaks = peakdetect.peakdet (y,delta=5,x=x pos) [0]
#peaks 0 = peakdetect.peakdet (y,delta=delta,x=x pos) [0].T[0]
peaks 0 = peakdetekt MATLAB (x pos,y,delta=delta,sigma=sigma)
#peak pos = x pos[idx 1]
#peak height = y[idx 1]
#try:
# peak pos = pu.interpolate(x pos,y,ind=idx 1,width=10)
#peak pos = x pos[idx 0]
#print "correct"

#except:
# pass
#idx 1 = [int(x) for x in idx 1]

#peak pos = x pos[idx 1]
#print "else"
#print peak pos

z_data[i] [:len (peaks_0)] = peaks_ 0
z data[i] [z _data[i]==0] = np.nan
if plot==True:

plt.figure ()

plt.plot(x pos,y int[i],c='b")
for peak pos in peaks 0:
plt.plot ([peak pos,peak pos], [np.nanmin(y int[i]),np.nanmax(y int[i])],marker='x"',color=
'r',s=50)
plt.ylabel ('Intensity"')
plt.xlabel('x in um')
plt.show ()
i+=1
print z_data.shape
return z_data.T
def detekt peaks til raw sigma(x _pos,y int, pix size, num of peaks rest, mph=1l, mpd=12,
threshold=0.01,sigma=5, zeros z data=30,plot=False):
#def de-
tekt peaks(x pos,y int,thres=0.3,min dist=10,delta=40,sigma=5,zeros_z data=30,plot=False
)t
z data = np.zeros((len(y int),zeros z data))
#z_data = np.zeros((len(y int),30))
#print delta, sigma, zeros z data
#print len(y_int)
i= 0
for y in y int:
#idx 1 = pu.indexes (y,thres=thres,min dist=min dist)
#idx 0 = signal.find peaks cwt (y,widths=np.arange (20,300))
#print peakdetect.peakdet (y,delta=10,x=x pos)
#peaks = peakdetect.peakdet (y,delta=5,x=x pos) [0]
#peaks 0 = peakdetect.peakdet (y,delta=delta,x=x pos) [0].T[0]
peaks 0 = peakdetekt MATLAB raw sigma(x pos,y, pix size,num of peaks rest,
mph=mph, mpd=mpd, threshold=threshold, sigma=sigma)
#peak pos = x pos[idx 1]
#peak height = y[idx 1]
#try:
# peak pos = pu.interpolate(x pos,y,ind=idx 1,width=10)
#peak pos = x pos[idx 0]
#print "correct"

#except:
# pass
#idx 1 = [int(x) for x in idx 1]

#peak pos = x pos[idx 1]
#print "else"
#print peak pos

z_data[i] [:len (peaks_0)] = peaks_ 0
z data[i] [z _data[i]==0] = np.nan
if plot==True:

plt.figure ()

plt.plot(x pos,y int[i],c='b")
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for peak pos in peaks 0:

plt.plot ([peak pos,peak pos], [np.nanmin(y int[i]),np.nanmax(y int[i])],marker="'x"',color=

'r',s=50)
plt.ylabel ('Intensity"')
plt.xlabel('x in um')
plt.show ()
i+=1

print z_data.shape

return z_data.T
def detekt peaks til(x pos, y int, pix size, mph=1l, mpd=12,
ros_z_data=30, plot=False):

threshold=0.01, ze-

#def detekt peaks til(x pos, y_int, pix size, mpd=12, threshold=0.01, delta=40,

zeros_z data=30, plot=False):
z data = np.zeros((len(y int),zeros z data))
#z_data = np.zeros((len(y int),30))
#print delta, sigma, zeros z data
#print len(y_int)
i= 0
for y in y int:
#idx 1 = pu.indexes (y,thres=thres,min dist=min dist)

#idx 0 = signal.find peaks cwt (y,widths=np.arange (20,300))

#print peakdetect.peakdet (y,delta=10,x=x pos)
#peaks = peakdetect.peakdet (y,delta=5,x=x pos) [0]
#peaks 0 = peakdetect.peakdet (y,delta=delta,x=x pos)

[0].T[0]

sigma=5,

peaks 0 = peakdetekt MATLAB til(x pos, y, pix size, mph=mph, mpd=mpd, thresh-

old=threshold)

#peaks 0 = peakdetekt MATLAB til (x pos, y, pix size,
old=threshold, delta=delta,sigma=sigma)

#peak pos = x pos[idx 1]

#peak height = y[idx_1]

#try:

mpd=mpd, thresh-

# peak pos = pu.interpolate(x pos,y,ind=idx 1,width=10)

#peak pos = x pos[idx 0]
#print "correct"

#except:
# pass
#idx 1 = [int(x) for x in idx 1]

#peak pos = x pos[idx 1]
#print "else"
#print peak pos

z_data[i] [:len (peaks_0)] = peaks_ 0
z data[i] [z _data[i]==0] = np.nan
if plot==True:

plt.figure ()

plt.plot(x pos,y int[i],c='b")
for peak pos in peaks 0:

plt.plot ([peak pos,peak pos], [np.nanmin(y int[i]),np.nanmax(y int[i])],marker="'x

'r',s=50)
plt.ylabel ('Intensity"')
plt.xlabel('x in um')
plt.show ()
i+=1

print z_data.shape
return z_data.T

',color=

def detekt peaks til raw(x pos, y int, pix size, num of peaks rest, mph=1, mpd=12,

threshold=0.01, zeros z data=30, plot=False):

#def detekt peaks til(x pos, y_int, pix size, mpd=12, threshold=0.01, delta=40,

zeros_z data=30, plot=False):
z data = np.zeros((len(y int),zeros z data))
#z_data = np.zeros((len(y int),30))
#print delta, sigma, zeros z data
#print len(y_int)
i= 0
for y in y int:
#idx 1 = pu.indexes (y,thres=thres,min dist=min dist)

#idx 0 = signal.find peaks cwt (y,widths=np.arange (20,300))

#print peakdetect.peakdet (y,delta=10,x=x pos)
#peaks = peakdetect.peakdet (y,delta=5,x=x pos) [0]
#peaks 0 = peakdetect.peakdet (y,delta=delta,x=x pos)

[0].T[0]

sigma=5,

peaks 0 = peakdetekt MATLAB til raw(x pos, y, pix size, num of peaks rest,

mph=mph, mpd=mpd, threshold=threshold)

#peaks 0 = peakdetekt MATLAB til(x pos, y, pix size, mpd=mpd, thresh-

old=threshold, delta=delta,sigma=sigma)
#peak pos = x pos[idx 1]
#peak height = y[idx_1]
#try:

# peak pos = pu.interpolate(x pos,y,ind=idx 1,width=10)

#peak pos = x pos[idx 0]
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#print "correct"

#except:
# pass
#idx 1 = [int(x) for x in idx 1]

#peak pos = x pos[idx 1]
#print "else"
#print peak pos

z_data[i] [:len (peaks_0)] = peaks_ 0
z data[i] [z _data[i]==0] = np.nan
if plot==True:

plt.figure ()

plt.plot(x pos,y int[i],c='b")
for peak pos in peaks 0:
plt.plot ([peak pos,peak pos], [np.nanmin(y int[i]),np.nanmax(y int[i])],marker="'x"',color=
'r',s=50)
plt.ylabel ('Intensity"')
plt.xlabel('x in um')
plt.show ()
i+=1
print z_data.shape
return z_data.T
def detekt peaks_til raw right(x_pos, y int, pix_size, num of peaks_rest, mph=1, mpd=12,
threshold=0.01, zeros z data=30, plot=False):
#def detekt peaks til(x pos, y_int, pix size, mpd=12, threshold=0.01, delta=40, sigma=5,
zeros_z data=30, plot=False):
z data = np.zeros((len(y int),zeros z data))
#z_data = np.zeros((len(y int),30))
#print delta, sigma, zeros z data
#print len(y_int)
i= 0
for y in y int:
#idx 1 = pu.indexes (y,thres=thres,min dist=min dist)
#idx 0 = signal.find peaks cwt (y,widths=np.arange (20,300))
#print peakdetect.peakdet (y,delta=10,x=x pos)
#peaks = peakdetect.peakdet (y,delta=5,x=x pos) [0]
#peaks 0 = peakdetect.peakdet (y,delta=delta,x=x pos) [0].T[0]
peaks 0 = peakdetekt MATLAB til raw right(x pos, y, pix size, num of peaks rest,
mph=mph, mpd=mpd, threshold=threshold)
#peaks 0 = peakdetekt MATLAB til(x pos, y, pix size, mpd=mpd, thresh-
old=threshold, delta=delta,sigma=sigma)
#peak pos = x pos[idx 1]
#peak height = y[idx 1]
#try:
# peak pos = pu.interpolate(x pos,y,ind=idx 1,width=10)
#peak pos = x pos[idx 0]
#print "correct"

#except:
# pass
#idx 1 = [int(x) for x in idx 1]

#peak pos = x pos[idx 1]
#print "else"
#print peak pos

z_data[i] [:len (peaks_0)] = peaks_ 0
z data[i] [z _data[i]==0] = np.nan
if plot==True:

plt.figure ()

plt.plot(x pos,y int[i],c='b")
for peak pos in peaks 0:
plt.plot ([peak pos,peak pos], [np.nanmin(y int[i]),np.nanmax(y int[i])],marker="'x"',color=
'r',s=50)
plt.ylabel ('Intensity"')
plt.xlabel('x in um')
plt.show ()
i+=1
print z_data.shape
return z_data.T
def peakdetekt MATLAB (x pos,y,delta=40,sigma=4) :
peaks 0 = peakdetect.peakdet (y,delta=delta, x=x pos)
peaks = peaks 0[0].T[O]
height = peaks 0[0].T[1]
height 1lim = np.nanmean (height)-sigma*np.nanstd (height)
peaks 1 = [pk for i,pk in enumerate (peaks) 1if height[i]>height 1lim]
#np.savetxt (folder + '/peaks matlab.txt',6 peaks 0[0].T[0])
return peaks_1
def peakdetekt MATLAB raw_sigma (x_pos,y,pix_size, num of peaks_rest, mph=1, mpd=12,
threshold=0.01, sigma=4) :
#peaks 0 = peakdetect.peakdet (y,delta=delta,x=x pos)
peaks = detect peaks.detect peaks(y, mph=mph, mpd=mpd, threshold=threshold)
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#peaks = peaks 0[0].T[0]

height = [y[k] for m,k in enumerate (peaks)]

height 1lim = np.nanmean (height)-sigma*np.nanstd(height)

#height_lim = 0

peaks 1 = np.asarray([pk for i,pk in enumerate (peaks) if height[i]>height 1lim])

duarte peaks=[]

if len(peaks 1) == num of peaks rest:

duarte peaks = peaks 1l*pix size
#if len (peaks) > num of peaks rest:
else:
duarte peaks = peaks 1[1l:]*pix size

#print duarte peaks

peaks_2=duarte_peaks

#np.savetxt (folder + '/peaks matlab.txt',6 peaks 0[0].T[0])

return peaks_2
def peakdetekt MATLAB til(x pos, y, pix size, mph=1, mpd=12, threshold=0.01):
#def peakdetekt MATLAB til(x pos, y, pix size, mpd=12, threshold=0.01, delta=40, sig-
ma=4) :

#peaks 0 = detect peaks.detect peaks(y, mpd=mpd, threshold=threshold)

#peaks = peaks 0[0].T[0]

#height = peaks 0[0].T[1]

#height lim = np.nanmean (height)-sigma*np.nanstd(height)

#peaks 1 = [pk for i,pk in enumerate (peaks) if height[i]>height 1lim]
peaks = detect peaks.detect peaks(y, mph=mph, mpd=mpd, threshold=threshold)
#peaks 1 = [pk for pk in enumerate (peaks)]

peaks 1 = peaks*pix size

#np.savetxt (folder + '/peaks matlab.txt',6 peaks 0[0].T[0])

return peaks_1
def peakdetekt MATLAB til raw(x pos, y, pix size, num of peaks rest, mph=1, mpd=12,
threshold=0.01) : - B B - B
#def peakdetekt MATLAB til(x pos, y, pix size, mpd=12, threshold=0.01, delta=40, sig-
ma=4) :

#peaks 0 = detect peaks.detect peaks(y, mpd=mpd, threshold=threshold)

#peaks = peaks 0[0].T[0]
#height = peaks 0[0].T[1]
#height lim = np.nanmean (height)-sigma*np.nanstd(height)

#peaks 1 = [pk for i,pk in enumerate (peaks) if height[i]>height 1lim]

peaks = detect peaks.detect peaks(y, mph=mph, mpd=mpd, threshold=threshold)
#peaks 1 = [pk for pk in enumerate (peaks)]

duarte peaks=[]

if len(peaks) == num of peaks rest:

duarte peaks = peaks*pix size
#if len (peaks) > num of peaks rest:
else:
duarte peaks = peaks[l:]*pix size
peaks_1 = duarte_peaks
#np.savetxt (folder + '/peaks matlab.txt',6 peaks 0[0].T[0])
return peaks_1
def peakdetekt MATLAB til raw right(x pos, y, pix size, num of peaks rest, mph=1,
mpd=12, threshold=0.01): B - B
#def peakdetekt MATLAB til(x pos, y, pix size, mpd=12, threshold=0.01, delta=40, sig-
ma=4) :
#peaks 0 = detect peaks.detect peaks(y, mpd=mpd, threshold=threshold)

#peaks = peaks 0[0].T[0]
#height = peaks 0[0].T[1]

#height lim = np.nanmean (height)-sigma*np.nanstd(height)

#peaks 1 = [pk for i,pk in enumerate (peaks) if height[i]>height 1lim]

peaks = detect peaks.detect peaks(y, mph=mph, mpd=mpd, threshold=threshold)
#peaks 1 = [pk for pk in enumerate (peaks)]

duarte peaks=[]

if len(peaks) == num of peaks rest+2:

duarte peaks = peaks[l:]*pix size
#duarte peaks = peaks[l:num of peaks rest-1]*pix size #use only when very large
displacement
#if len (peaks) > num of peaks rest:
else:
duarte peaks = peaks*pix size
#duarte peaks = peaks[:num of peaks rest-1]*pix size #use only when very large
displacement
peaks_1 = duarte_peaks
#np.savetxt (folder + '/peaks matlab.txt',6 peaks 0[0].T[0])
return peaks_1
def get traj read and find peaks(filename, folder, framerate,delta=40,sigma=5, ze-
ros z_ data=30):
#tils test: x_pos,y int,time = read file(filename, framerate)
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x_pos,z_data,time = read file(filename, framerate)

#tils test: peaks = detekt peaks(x pos,y int,delta=delta,sigma=sigma, ze-
ros_z data=zeros z data)

peaks = detekt peaks(x pos,z data,delta=delta,sigma=sigma, ze-
ros_z data=zeros z data)

delta sigma crit = [delta, sigma]
np.savetxt (folder + '/delta sigma param.txt', delta sigma crit)
zeros z data param = [zeros z data]

np.savetxt (folder + '/zeros z data param.txt',6 zeros_ z data param)

return peaks, time
def get traj read and find peaks_ til(filename, folder, framerate,mph=1, mpd=12, thresh-
01d=0.01, zeros z data=30):
#def get traj read and find peaks til(filename, folder, framerate,mpd=12, thresh-
01d=0.01,delta=40,sigma=5, zeros z data=30):

x_pos,y_int,time = read_file(filename, framerate)

pix size = np.mean(np.diff (x pos))

peaks = detekt peaks til(x pos, y int, pix size, mph=mph, mpd=mpd, thresh-
old=threshold, zeros z data=zeros_z data)

#peaks = detekt peaks til(x pos, y int, pix size, mpd=mpd, thresh-
old=threshold,delta=delta, sigma=sigma,zeros z data=zeros z data)

#delta sigma crit = [delta, sigma]

mpd thresh crit = [mph, mpd, threshold]

np.savetxt (folder + '/mph mpd thresh param.txt', mpd thresh crit)

#np.savetxt (folder + '/delta sigma param.txt', delta sigma crit)

zeros z data param = [zeros z data]

np.savetxt (folder + '/zeros z data param.txt', zeros_ z data param)

return peaks, time
def
get traj read and find peaks til raw(filename, folder, framerate,num of peaks rest,mph=1,
mpd=12, threshold=0.01, zeros z data=30):
#def get traj read and find peaks til(filename, folder, framerate,mpd=12, thresh-
01d=0.01,delta=40,sigma=5, zeros z data=30):

x_pos,y_int,time = read_file(filename, framerate)

pix size = np.mean(np.diff (x pos))

peaks = detekt peaks til raw(x pos, y int, pix size, num of peaks rest, mph=mph,
mpd=mpd, threshold=threshold, zeros z data=zeros z data)

#peaks = detekt peaks til(x pos, y int, pix size, mpd=mpd, thresh-
old=threshold,delta=delta, sigma=sigma,zeros z data=zeros z data)

#delta sigma crit = [delta, sigma]

mpd thresh crit = [mph, mpd, threshold]

np.savetxt (folder + '/mph mpd thresh param.txt', mpd thresh crit)

#np.savetxt (folder + '/delta sigma param.txt', delta sigma crit)

zeros z data param = [zeros z data]

np.savetxt (folder + '/zeros z data param.txt', zeros z data param)

return peaks, time
def
get traj read and find peaks til raw_right (filename, folder, framerate,num of peaks rest,m
ph=1, mpd=12, threshold=0.01, zeros z data=30):
#def get traj read and find peaks til(filename, folder, framerate,mpd=12, thresh-
01d=0.01,delta=40,sigma=5, zeros_ z data=30):

x_pos,y_int,time = read_file(filename, framerate)

pix size = np.mean(np.diff (x pos))

peaks = detekt peaks_til raw right(x_pos, y int, pix_size, num of peaks_rest,
mph=mph, mpd=mpd, threshold=threshold, zeros z data=zeros z data)

#peaks = detekt peaks til(x pos, y int, pix size, mpd=mpd, thresh-
old=threshold,delta=delta, sigma=sigma,zeros z data=zeros z data)

#delta sigma crit = [delta, sigma]

mpd thresh crit = [mph, mpd, threshold]

np.savetxt (folder + '/mph mpd thresh param.txt', mpd thresh crit)

#np.savetxt (folder + '/delta sigma param.txt', delta sigma crit)

zeros z data param = [zeros z data]

np.savetxt (folder + '/zeros z data param.txt', zeros z data param)

return peaks, time
def
get traj read and find peaks til raw _sigma(filename, folder, framerate,num of peaks rest,m
ph=1,mpd=12, threshold=0, sigma=5, zeros z data=30):
#def get traj read and find peaks til(filename, folder, framerate,mpd=12, thresh-
01d=0.01,delta=40,sigma=5, zeros z data=30):

x_pos,y_int,time = read_file(filename, framerate)

pix size = np.mean(np.diff (x pos))

peaks = detekt peaks til raw sigma(x pos, y int, pix size,num of peaks rest,
mph=mph, mpd=mpd, threshold=threshold, sigma=sigma, zeros z data=zeros z data)

#peaks = detekt peaks til(x pos, y int, pix size, mpd=mpd, thresh-
old=threshold,delta=delta, sigma=sigma,zeros z data=zeros z data)

#delta sigma crit = [delta, sigma]

mpd thresh crit = [mph, mpd, sigmal

np.savetxt (folder + '/mph mpd thresh param.txt', mpd thresh crit)

#np.savetxt (folder + '/delta sigma param.txt', delta sigma crit)
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zeros z data param = [zeros z data]
np.savetxt (folder + '/zeros z data param.txt', zeros_ z data param)
return peaks, time

def get traj assign peaks 1 (peaks, time, folder):

start pos = [pos for pos in peaks.T[0] if np.isnan(pos)==False]
z pos = np.zeros((len(start pos),len(time))) *np.nan
for i,z_line_start in enumerate (start_pos) :
z_pos[i,0]= z_line_start
for j,z pos j in enumerate(z_pos[i]):
if 3>0 and j<len(peaks.T):
curr pos = z pos[i,j-1]
next peaks = peaks.T[]]
dist next = np.abs([peak-curr pos for peak in next peaks])
#print dist next
next idx = np.nanargmin(dist_next)
#print next idx
z pos[i,j] = next peaks[next idx]
curr pos = z pos[i,]]
plt.figure(figsize=(10,5))
plt.plot(time,z pos.T)
plt.xlabel ('time [s]"'")
plt.ylabel('z-1line position [um]"')
plt.savefig(folder + '/z pos 0.png', format="png')
np.savetxt (folder + '/z_pos_0.txt',z_pos)
return z_ pos

def get traj assign peaks 1 raw(peaks,time, folder):

def

start pos = [pos for pos in peaks.T[0] if np.isnan(pos)==False]
z pos = np.zeros((len(start pos),len(time))) *np.nan
for i,z_line_start in enumerate (start_pos) :
z_pos[i,0]= z_line_start
for j,z pos j in enumerate(z_pos[i]):
if 3>0 and j<len(peaks.T):
curr pos = z pos[i,j-1]
next peaks = peaks.T[]]
#dist next = np.abs([peak-curr pos for peak in next peaks])
#print dist next
#next idx = np.nanargmin(dist_next)

next idx = i
#print next idx
z pos[i,j] = next peaks[next idx]

curr pos = z pos[i,]]
plt.figure(figsize=(10,5))
plt.plot(time,z pos.T)
plt.xlabel ('time [s]"'")
plt.ylabel('z-line position [um]"')
plt.savefig(folder + '/z pos 0.png', format="png')
return z_ pos

get traj assign peaks 2(z_pos,peaks,time,ref idx,folder,dist lims=(1,2.4),xlim=None):

Z_pPOS_COrr = z_pos.copy ()

list plus = range(ref idx,len(z_pos))
list minus = list(np.arange(ref idx,-1,-1)
for i,idx in enumerate(list plus):
if i>0:
z 1 = z pos[idx]
z 1 corr = z_i.copy()
ref z = z pos corr[list plus[i-1]]
for j,z j in enumerate(z i[:-1]):
diff = z i[j] - ref z[j]

peaks j = peaks.T[]]
ref idx = np.nanargmin(np.abs([peak-ref z[]j] for peak in peaks j]))
peak idx = np.nanargmin(np.abs([peak-z j for peak in peaks jl))
if diff> dist lims[1]:
z_i corr([j] = peaks_jlpeak_idx-1]
if diff<dist lims[O0]:
z_1i _corr([j] = peaks_jlpeak_idx+1]
if z i corr[j]l== ref z[]j]:
z_1i _corr([j] = peaks_jlpeak_idx]
#if (peak_idx-ref idx)>1 or peak idx-ref idx<0:
#z_1 corr[j] = peaks J[ref idx+1]
z_pos_corr[idx] = z_i_corr
for i,idx in enumerate(list minus):
if i>0:
z 1 = z pos[idx]
z 1 corr = z_i.copy()
ref z = z pos corr[list minus[i-1]]
for j,z j in enumerate(z i[:-1]):
diff = z i[j] - ref z[]]
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peaks j = peaks.T[]]

ref idx = np.nanargmin(np.abs([peak-ref z[]j] for peak in peaks j]))
peak idx = np.nanargmin(np.abs([peak-z j for peak in peaks jl))

if diff<- dist lims[1]:

z_1i _corr([j] = peaks_jlpeak_idx+1]
if diff> -dist lims[O0]:
z_i _corr([j] = peaks_jlpeak_idx-1]
if z i corr[j]l== ref z[]j]:
z_1i _corr([j] = peaks_jlpeak_idx]
#if (ref idx-peak idx)>1 or (ref idx-peak idx)<O0:
# z i corr[j] = peaks_ Jj[ref idx-1]
z_pos_corr[idx] = z_i_corr

show_peaks = False
fig = plt.figure(figsize=(10,5))
fig.add subplot(1,1,1)
if xlim<>None:
xlim idx = [i for i,t in enumerate(time) if t>=x1im[0] and t<xlim[1]]
time xlim = time[xlim idx]
z_pos_xlim = z_pos_corr.T[xlim idx].T
plt.plot(time xlim,z pos x1im.T,'k")
else:
plt.plot(time,z pos corr.T)
if show peaks:
for peak in peaks:
plt.scatter (time, peak, marker="'x"',s=10)
plt.xlim((0,max (time)))
plt.xlabel ('time [s]"'")
plt.ylabel('z-line position [um]"')
plt.savefig(folder + '/z pos.png', format='png"')
np.savetxt (folder + '/peaks assign2.txt',6 peaks)
dist lims param = [dist 1ims[0], dist lims[1]]
np.savetxt (folder + '/dist lims param.txt', dist lims param)
if xlim<>None:
np.savetxt (folder + '/z_pos.txt',z_pos_xlim)
np.savetxt (folder + '/time.txt',6 time xlim)
return z_pos_xlim,time xlim
else:
np.savetxt (folder + '/z pos.txt',6z pos_corr)
return z_pos corr,time
def
plot z lines and start contr(z pos,start contr corr, folder,plot equ=False,equ z pos=None
)t
plt.figure(figsize=(30,10)
plt.plot(z_pos.T)
for start in start contr corr:
plt.plot([start,start], [0,np.nanmax (z_pos)+1], 'k',linestyle=":")
plt.plot([start,start], [0,np.nanmax (z_pos)+1], 'k',linestyle=":")
if plot equ==True:
for e in equ z pos:
plt.plot ([0,360], [e,e]l, 'k',linestyle="--")
plt.xlabel ('time [frames]')
plt.ylabel('z-line position [um]"')
plt.savefig(folder + '/z pos contr equ.png',6 format= 'png')
def assign peaks old(z_pos,filename, time,start idx=1,diff min = 1.2,o0ffset=0):
folder = os.path.splitext (filename) [0]
fig assign= plt.figure()
ax_assign = fig assign.add subplot(1l,1,1)
Z_pOsS_corr = z_pos.copy() *np.nan

z_pos_corr[:,offset] = z pos[:,offset]
# delete all lines with nan's
list i = range(start idx,len(z pos)) + list(np.arange(start idx-1,-1,-1))
for k,i in enumerate(list 1i):
z_pos_1i = z_pos[i]
if np.count_nonzero (np.isnan(z_pos_1i)) == 0:

for j,z in enumerate(z pos 1i):
if j>0+offset:

try:
diff = np.abs(z_pos[:,j] - z pos corr[i,j-1])
argnext = np.nanargmin (diff)
#check if equal to upper z band
if z pos[argnext,jl==z pos corr[i+l,]j]:

argnext = argnext-1
#check if equal to lower z band
if z pos[argnext,jl==z pos corr([i-1,7j]:
argnext = argnext+l
#check if distance from last is bigger than 3
if True:
if np.abs(z_pos[argnext,j] - z pos[list i[k-1],3]) > 3:
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if list i[k]-list i[k-1] > O:
argnext = argnext -1
elif list i[k]-1list i[k-1] < O:
argnext = argnext +1
if np.abs(diff[argnext])>diff min:

z pos_corr([i,j] = z pos corr[i,j-1

else:
z pos_corr([i,j] = z_pos[argnext,]j]

except:
pass
else:
z pos_corr[i] = z pos i * np.nan
if len(time)== len(z_pos corr.T):

ax_assign.plot (time,z pos corr.T)
if len(time)> len(z pos_corr.T):
ax_assign.plot(time[l:],z pos corr.T)
if len(time)< len(z pos_corr.T):
ax_assign.plot (time,z pos corr.T[1l:])
ax_assign.set ylabel ('position in um')
ax_assign.set xlabel('time')
fig assign.savefig(folder+'/z lines position.png', format='png')
plt.clf()
plt.close('all')
subprocess.Popen(['open', folder])
#subprocess.Popen (['xdg-open', folder])
return z_pos_corr, time
def sav_gol filter (dat,windowlength=9,polyorder=4):
filter dat = sig-
nal.savgol filter (dat,polyorder=polyorder,window_ length=windowlength)
return filter dat
def order parameter (phase,N min=8):
N = np.count nonzero (~np.isnan (phase))
if N>N min:
mean field = 1/float(N) * np.nansum(np.exp (phase*17j))
else:
mean_ field = np.nan
return mean field,np.abs(mean field),np.angle(mean field)
def most freq val (array,bins=30):
range = (np.nanmin(array),np.nanmax(array))
if np.any(np.isnan(range)) == False:
a,b = np.histogram(array,bins=bins, range=range)
val = b[np.argmax(a) ]
return val
else:
return np.nan
def weighted avg and std(values, weights):
idx = np.where(~np.isnan(values))
values = values[idx]
weights = weights[idx]
Return the weighted average and standard deviation.
values, weights -- Numpy ndarrays with the same shape.
try:
average = np.average (values, weights=weights)
variance = np.average ((values-average)**2, weights=weights) # Fast and numeri-
cally precise
return average, np.sqrt(variance)
except:
return np.nan,np.nan
def peakfinder (dat,thres,min dist, thres alt,thres contr):
idx top = np.array(pu.indexes(-dat,thres,min dist))
idx valley = np.array(pu.indexes (dat,thres=0.16))
for i,idx in enumerate (idx top):
dist valley = idx valley- idx top[i]
dist valley forward = dist valley.copy()
dist_valley forward[dist_valley forward<O0] = 100000
arg_forward = np.nanargmin(dist_valley forward)
#dist_forward = np.nanmin(dist_valley forward)

altitude forward = dat[idx top[i]] - dat[idx valleyl[arg forward]]
dist valley backwards = dist valley.copy ()
dist valley backwards([dist valley backwards>0] = -100000

arg backwards = np.nanargmax(dist valley backwards)
#dist backwards = np.nanmax(dist valley backwards)
altitude backwards = dat[idx top[i]] - dat[idx valleylarg backwards]]
try:
if altitude backwards < -thres alt and altitude forward <- thres alt:
pass
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else:
idx top[i] =0
except:
pass
idx pre = [x for x in idx top if x<>0]
#another threshold for contraction
idx ret = [x for x in idx pre if dat[x]<0.2]
return idx ret
def manual equ array(delta slen):
equ_all = []
for delta in delta slen:
equ = get equillibrium manual (delta)
equ_all.append (equ)
return equ_all
def get equillibrium manual (data) :
point y = []
x1lim = (np.nanmin(data)*1.4,np.nanmax (data)*1.4)
class LineBuilder:
def init (self, line):
self.line = line
self.xs = list(line.get xdataf())
self.ys = list(line.get ydataf())
self.cid = line.figure.canvas.mpl connect ('button press event', self)
def call (self, event):
print('click', event)
if event.inaxes!=self.line.axes: return
#self.xs.append (event.xdata)
#self.ys.append (event.ydata)
#self.line.set data(self.xs, self.ys)
#self.line.figure.canvas.draw()
point y.append(event.ydata)
ax.plot([-2,len(data)+2], [event.ydata,event.ydata],color="k',linestyle="'--
', linewidth=2)
fig = plt.figure(figsize=(16,5))
ax = fig.add subplot (111)
ax.set_title('click to build equillibrium line')
line, = ax.plot([0], [0]) # empty line
linebuilder = LineBuilder (line)
ax.set _ylim(xlim)
ax.grid()
ax.plot (data)
plt.show ()
return point y
def
get _heights times period(delta slen good, framerate, time,start contr,scanrange contr, fold
er,figsize=(30,5)):
folder contr = folder + '/contraction/'
if os.path.isdir(folder contr)== False:
os.mkdir (folder + '/contraction/')
start contr int = np.asarray([np.round(start,0) for start in start contr])
peaks auto = np.zeros((len(delta slen good),len(start contr int))) *np.nan
peaks auto diff = np.zeros((len(delta slen good),len(start contr int)))*np.nan
height auto = np.zeros((len(delta slen good),len(start contr int)))*np.nan
vel minus = np.zeros((len(delta slen good),len(start contr int)))*np.nan
vel plus = np.zeros((len(delta slen good),len(start contr int)))*np.nan
for j,delta in enumerate(delta slen good):
plt.figure (figsize=figsize)
plt.plot (time,delta,linewidth = 1.5,c="'k")
plt.xlabel ('Time [s]"')
plt.ylabel ('$\Delta$SL [um]"')
peaks auto i = start contr int*np.nan
peaks auto diff i = start contr int*np.nan
height auto i = start contr int*np.nan
vel minus_1i = start_contr_int*np.nan
vel plus i = start contr int*np.nan
for i,contr in enumerate(start contr int):
plt.plot ([time[contr], time[contr]], [np.nanmin(delta),np.nanmax (delta)], '--
',color="r',linewidth=1.5)
delta contr = del-
ta[contr:contr+np.round(float (framerate) /scanrange contr,0)]
vel = np.diff(delta contr)
try:
#peaks =
np.nanmin(delta contr)#peakfinder (delta contr,thres=0.9,min dist=0,thres alt=0.0,thres c
ontr=0.0)

pos_peak diff = np.nanargmin(delta contr)
pos_peak = np.nanargmin(delta contr) + contr
except:
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pos_peak diff = np.nan
pos_peak = np.nan

#try:

# pos_peak = peaks[0] + contr
# pos_peak diff = peaks[0]
#except:

# pos_peak = peaks + contr

# pos_peak diff = peaks

#print pos peak
#print pos peak

plt.plot([time[pos_peak], time[pos peak]], [np.nanmin(delta),np.nanmax(delta)l], '--

',color="k',linewidth=1.5)

try:
vel minus ji = np.nanmin(vel[:pos peak diff])
except:
vel minus ji = np.nan
try:
vel plus ji = np.nanmax(vel[pos peak diff:pos peak diff+12])
except:
try:
vel plus ji = np.nanmax(vel[pos peak diff:])
except:
vel plus_ji = np.nan
peaks auto i[i] = pos_peak
peaks auto diff i[i] = pos peak diff
height auto i[i] = deltal[pos_peak]
vel minus_i[i] = vel minus_ji
vel plus_i[i] = vel plus_ji

name_save = folder contr + '/delta slen peaks '+ str(j)

plt.savefig(name save + '.png',6 format='png')
plt.savefig(name save + '.eps',6 format='eps')
peaks auto[j] = peaks auto i
peaks auto diff[j] = peaks auto diff i
height auto[j] = height auto i
vel minus[j] = vel minus i
vel plus[j] = vel plus i

np.save (folder +

'/time height auto.npy', [peaks auto,peaks auto diff,height auto,vel minus,vel plus])

return peaks auto,peaks_auto diff,height auto,vel minus,vel plus

def

get _heights times period transl(delta slen good, framerate,time,start contr,scanrange con

tr,folder,figsize=(30,5)):
folder contr = folder + '/translation/'
if os.path.isdir(folder contr)== False:
os.mkdir (folder + '/translation/')
start contr int = np.asarray([np.round(start,0)

for start in start_contr])

peaks auto = np.zeros((len(delta slen good),len(start contr int))) *np.nan

peaks auto diff = np.zeros((len(delta slen good),len(start contr int)))*np.nan
height auto = np.zeros((len(delta slen good),len(start contr int)))*np.nan

vel minus = np.zeros((len(delta slen good),len(start contr int)))*np.nan
vel plus = np.zeros((len(delta slen good),len(start contr int)))*np.nan

for j,delta in enumerate(delta slen good):
plt.figure (figsize=figsize)
plt.plot (time,delta,linewidth = 1.5,c="'k")
plt.xlabel ('Time [s]"'")
plt.ylabel ('$\Delta$s [um]')
peaks auto i = start contr int*np.nan
peaks auto diff i = start contr int*np.nan
height auto i = start contr int*np.nan
vel minus_1i = start_contr_int*np.nan
vel plus i = start contr int*np.nan
for i,contr in enumerate(start contr int):

plt.plot ([time[contr], time[contr]], [np.nanmin(delta),np.nanmax (delta)], '--

',color="r',linewidth=1.5)

delta contr = del-

ta[contr:contr+np.round(float (framerate)/scanrange contr,0)]

vel = np.diff (delta contr)
try:
#peaks =

np.nanmin(delta contr)#peakfinder (delta contr,thres=0.9,min dist=0,thres alt=0.0,thres c

ontr=0.0)

pos_peak diff = np.nanargmax(delta contr)

pos_peak = np.nanargmax (delta contr)
except:

pos_peak diff = np.nan

pos_peak = np.nan
#try:
# pos_peak = peaks[0] + contr

+ contr
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# pos_peak diff = peaks[0]

#except:
# pos_peak = peaks + contr
# pos_peak diff = peaks

#print pos peak
#print pos peak
plt.plot([time[pos_peak], time[pos peak]], [np.nanmin(delta),np.nanmax(delta)], '--
',color="k',linewidth=1.5)

try:
vel minus ji = np.nanmin(vel[:pos peak diff])
except:
vel minus_ji = np.nan
try:
vel plus ji = np.nanmax(vel[pos peak diff:pos peak diff+12])
except:
try:
vel plus ji = np.nanmax(vel[pos peak diff:])
except:
vel plus_ji = np.nan
peaks auto i[i] = pos_peak
peaks auto diff i[i] = pos peak diff
height auto i[i] = delta[pos_peak]-delta[pos peak diff]
vel minus_i[i] = vel minus ji
vel plus_i[i] = vel plus_ji

name_save = folder contr + '/delta transl peaks '+ str(j)
plt.savefig(name save + '.png',6 format='png')
plt.savefig(name save + '.eps',6 format='eps')
peaks auto[j] = peaks auto i
peaks auto diff[j] = peaks auto diff i
height auto[j] = height auto i
vel minus[j] = vel minus i
vel plus[j] = vel plus i
np.save (folder +
'/time height auto transl.npy', [peaks_auto,peaks auto diff,height auto,vel minus,vel plu
s])
return peaks auto,peaks_auto diff,height auto,vel minus,vel plus
def get x manual (data,x figsize):
data = np.asarray (data)
point x = []
ylim = (np.nanmin(np.asarray(data).T)*0.8,np.nanmax (np.asarray(data).T)*1.2)
class LineBuilder:
def init (self, line):
self.line = line
self.xs = list(line.get xdataf())
self.ys = list(line.get ydataf())
self.cid = line.figure.canvas.mpl connect ('button press event', self)
def call (self, event):
print ('click', event)
if event.inaxes!=self.line.axes: return
#self.xs.append (event.xdata)
#self.ys.append(event.ydata)
#self.line.set data(self.xs, self.ys)
#self.line.figure.canvas.draw ()
point x.append(event.xdata)
ax.plot ([event.xdata,event.xdata], [ylim[0],ylim[1]],color="k',linestyle="'-~-
', linewidth=2)
fig = plt.figure(figsize=(x figsize,15))
ax = fig.add subplot (111)
ax.set_title('click to build peaks')
line, = ax.plot([0], [0]) # empty line
linebuilder = LineBuilder (line)
ax.set_ylim(ylim)
ax.grid()
ax.plot (data)
plt.show ()
return point_x
def get x manual small (data) :
data = np.asarray (data)
point x = []
ylim = (np.nanmin(np.asarray(data).T)*0.8,np.nanmax (np.asarray(data).T)*1.2)
class LineBuilder:
def init (self, line):
self.line = line
self.xs = list(line.get xdataf())
self.ys = list(line.get ydata())
self.cid = line.figure.canvas.mpl connect ('button press event', self)
def  call (self, event):
print ('click', event)
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if event.inaxes!=self.line.axes: return
#self.xs.append (event.xdata)
#self.ys.append (event.ydata)
#self.line.set data(self.xs, self.ys)
#self.line.figure.canvas.draw ()
point x.append(event.xdata)
ax.plot ([event.xdata,event.xdata], [ylim[0],ylim[1]],color="k',linestyle="'-~-
', linewidth=2)
fig = plt.figure(figsize=(13,6)
ax = fig.add subplot (111)
ax.set_title('click to build peaks')
line, = ax.plot([0], [0]) # empty line
linebuilder = LineBuilder (line)
ax.set_ylim(ylim)
ax.grid()
ax.plot (data)
plt.show()
return point_x
def
get delta slen(z_pos, folder,start contr corr, framerate,back ind rest=3,filtered=True, fil
terparams=(9,4),plot=False) :
if filtered==True:
Z _pos =
sav_gol filter(z pos,windowlength=filterparams[0],polyorder=filterparams[1])
slen = np.asarray([np.diff (o) for o in np.asarray(z pos).T]).T
# determine sarcomere resting length
equ = np.zeros(len(slen)) *np.nan
for i,sl in enumerate(slen):
equ_1i = []
for j,start in enumerate(start contr corr):
plt.plot ([start,start], [np.nanmin(sl),np.nanmax(sl)])
equ_1i.append(np.nanmean(sl[start-back ind rest:start]))
equ_i_mean = np.nanmean (equ_i)
equl[i] = equ i mean
delta slen = np.asarray([slen[idx] - equ[idx] for idx in range(len(slen))])
np.savetxt (folder+'/slen.txt',slen)
np.savetxt (folder+'/delta slen.txt',delta slen)
np.savetxt (folder+'/equ.txt',equ)
back_ind_rest_param = [back_ind rest]
np.savetxt (folder + '/back ind rest param.txt', back ind rest param)
# save period
#period = most freq val(np.diff(start contr corr))/framerate
#np.savetxt (folder + '/period.txt', period)
try:
period = most freq val(np.diff (start contr corr))/float (framerate)
period to save=[period]
np.savetxt (folder + '/period.txt', period to_ save)
except:
print 'ERROR: No period time'
if plot==True:
for i,delta in enumerate(delta slen):
plt.figure(figsize=(30,3))
plt.grid()
plt.plot(delta)
for start in start contr corr:
plt.plot ([start,start], [np.nanmin (delta),np.nanmax (delta)])
plt.plot ([0,len(delta)], [0,0])
return delta slen,equ
def get stereotypical peaks(delta slen, framerate, start contr, folder, timeshift=0,
framerange=1) :
folder stereotypical = folder + '/stereotypical'
if os.path.exists(folder stereotypical)==False:
os.mkdir (folder stereotypical)
delta slen stereotyp = []
for i,delta in enumerate(delta slen):
plt.figure ()
delta all = []
for start in start contr:
#if start+framerate < len(delta):
if start+framerate*framerange < len(delta):
plt.plot (delta[start+timeshift:start+timeshift+framerange*frameratel])
del-
ta all.append(delta[start+timeshift:start+timeshift+framerange*framerate])

#plt.plot(deltal[start+timeshift:start+timeshift+np.ceil (framerange*framerate)])
#del-
ta all.append(delta[start+timeshift:start+timeshift+np.ceil (framerange*framerate)])
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plt.plot ([np.nanmean (np.asarray(delta all).T[idx]) for idx in
range (int (framerange*framerate) )], linewidth=5)
#plt.plot ([np.nanmean (np.asarray(delta all).T[idx]) for idx in
range (int (np.ceil (framerange*framerate))) ], linewidth=5)
plt.grid()
plt.xlabel ('frames [idx]"')
plt.title('Sarcomere # '+str(i))
plt.ylabel ('$\Delta$sSL"')
plt.savefig(folder stereotypical + '/all peaks '+str(i)+'.png', format='png')
print len(delta all)
delta slen stereotyp.append([np.nanmean (np.asarray(delta all).T[idx]) for idx in
range (int (framerange*framerate))])
#delta slen stereotyp.append([np.nanmean (np.asarray(delta all).T[idx]) for idx
in range (int (np.ceil (framerange*framerate)))])
delta slen stereotyp = np.asarray(delta slen stereotyp)
for i,delta in enumerate(delta slen stereotyp):
plt.figure ()
plt.plot(delta)
plt.title('Sarcomere # '+str(i))
plt.ylabel ('$\Delta$sSL"')
plt.xlabel ('frames [idx]"')

plt.subplots adjust (left=0.15)
plt.grid()

plt.savefig(folder stereotypical +
'/delta_slen ste '+str(i)+'.png',format='png')
plt.figure ()
time =
np.arange (0, (len(delta slen stereotyp.T))/float (framerate),l/float (framerate))
print len(delta slen stereotyp.T)
print len(time)
plt.plot(time,delta slen stereotyp.T)
plt.xlabel ('"time [s]"'")
plt.ylabel ('stereotypical sarcomer contraction [um]')
plt.savefig(folder stereotypical+'/stereotypical peaks.png', format='png"')
plt.savefig(folder stereotypical+'/stereotypical peaks.eps', format='eps')
np.savetxt (folder + '/delta slen stereotyp.txt',delta slen stereotyp)
timeshift framerange param = [timeshift, framerange]
np.savetxt (folder + '/timeshift framerange param.txt', timeshift framerange_ param)
return delta slen stereotyp
def
make correlation plots(delta slen good, framerate,start contr int correct, folder,t 1lim=(0
;1) ,norm=False, timeshift=0) :
framerate int =int (np.round(framerate,0))
folder corr = folder + '/correlation/'

if os.path.isdir(folder corr)== False:

os.mkdir (folder + '/correlation/')
#intervals = range(0,np.round(framerate int*t 1im[1]))
intervals = range(0,int (np.round(framerate int*t 1im[1],0)))

corr dist time =
np.zeros ((len(intervals),len(start contr int correct),len(delta slen good),len(delta sle
n_good))) *np.nan
for k,interval _k in enumerate (intervals):
for i,start i in enumerate(start contr int correct):
#choose right array of peak
delta k = np.asarray(delta slen good).T[start i+timeshift+ inter-
val k:start_i +timeshift+ interval k+2].T
for h,delta h in enumerate(delta_k):
for j,delta j in enumerate(delta k):
corr hj = np.correlate(delta h,delta j)
corr_dist_ time(k,i,h,j] = corr_hj
corr_dist_time_final = np.zeros((len(intervals),len(corr_dist time.T)))
for i,interval i in enumerate (intervals):
corr_dist_time_ i1 = corr_dist_time[interval i]
corr dist i mean = np.zeros((len(corr dist time i),len(delta slen good)))
for j,spike j in enumerate (corr dist time 1i):
corr dist j = np.zeros((len(delta slen good),len(delta slen good)*2))*np.nan
for k in range(len(delta slen good)):
norm = spike j[k, k]
for 1 in range(len(delta slen good)):
dist = abs(1-k)
val written = False
corr kl = spike j[k,1]
if norm==True:
corr_kl = spike j[k,1l]/norm
for m in range(len(delta slen good)*2):
if np.isnan(corr_dist_j[dist,m])== True and val written==False:
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corr dist j[dist,m] = corr kl
val written = True
corr dist j mean = [np.nanmean(corr dist j[idx]) for idx in
range (len(corr dist j))]
corr dist i mean[j] = corr dist j mean
mean_dist = [np.nanmean(corr_dist i mean.T[idx]) for idx in
range (len(corr dist i mean.T))]
corr dist time final[i] = mean dist
zp = []
for interval in intervals:
z = corr_dist_time final[intervall]

#plt.plot(x,v,z)
zp.append(z)
#make plot 3d with rawdata and correlation
plt.figure ()
zp = np.asarray(zp)
xp,yp = np.meshgrid(range (len(delta_slen good)+1l), [float(r)/framerate int for r in
range (len(zp))])
#xp,yp = np.meshgrid(range (len(delta slen good)), [float (r)/framerate int for r in
range (len(zp))])
plt.subplot(l, 1, 1)
vmax = np.nanmax (zp)
plt.pcolor (xp, yp, zp, cmap='RdBu', vmin=-vmax, vmax=vmax)
plt.x1lim(0,7)
plt.xlabel ('Sarcomer distance [indices]')
plt.ylabel ('Time [s]"'")
plt.colorbar (label="Correlation of contraction (normalized)'"')
plt.savefig(folder corr + '/corr colorplot.png',format='png"')
plt.savefig(folder corr + '/corr colorplot.eps', format='eps'
np.save (folder corr + '/corr dist time.npy',corr dist time final)

plt.show ()
# velocity
intervals = range (0, framerate int)
vel good = [np.diff(delta slen good i) for delta slen good i in delta slen good]

corr dist time =
np.zeros ((len(intervals),len(start contr int correct),len(vel good),len(vel good))) *np.n
an
for k,interval _k in enumerate (intervals):
for i,start i in enumerate(start contr int correct):
#choose right array of peak
delta k = np.asarray(vel good).T[start i+ interval k:start i + inter-

val k+2].T
for h,delta h in enumerate(delta_k):
for j,delta j in enumerate(delta k):

corr hj = np.correlate(delta h,delta j)

corr dist time([k,i,h,j] = corr hj
corr dist time final = np.zeros((len(intervals),len(corr dist time.T)))
for i,interval i1 in enumerate (intervals):

corr_dist_time_ i1 = corr_dist_time[interval i]

corr dist i mean = np.zeros((len(corr dist time i),len(delta slen good)))
for j,spike j in enumerate (corr dist time 1i):
corr dist j = np.zeros((len(delta slen good),len(delta slen good)*2))*np.nan
for k in range(len(delta slen good)):
norm = spike j[k,k]
for 1 in range(len(delta slen good)):
dist = abs(1l-k)
val written = False
corr kl = spike j[k,1]
for m in range(len(delta slen good)*2):

if np.isnan(corr_dist_j[dist,m])== True and val written==False:
corr dist j[dist,m] = corr kl
val written = True
corr dist j mean = [np.nanmean(corr dist j[idx]) for idx in
range (len(corr dist j))]
corr dist i mean[j] = corr dist j mean
mean_dist = [np.nanmean(corr_dist i mean.T[idx]) for idx in
range (len(corr dist i mean.T))]
corr dist time final[i] = mean dist
zp = []
for interval in intervals:
z = corr_dist_time final[intervall]

#plt.plot(x,vy,z)
zp.append(z)
#make plot 3d with rawdata and correlation
plt.figure ()
zp = np.asarray(zp)
xp,yp = np.meshgrid(range (len(delta_slen good)+1l), [float(r)/framerate int for r in
range (len(zp))])
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#xp,yp = np.meshgrid(range (len(delta slen good)), [float (r)/framerate int for r in

range (len(zp))])

def

plt.subplot(l, 1, 1)

vmax = np.nanmax (zp)

plt.pcolor (xp, yp, zp, cmap='RdBu', vmin=-vmax, vmax=vmax)
plt.x1lim(0,7)

plt.xlabel ('Sarcomer distance [indices]"')

plt.ylabel ('Time [s]"'")

plt.colorbar (label="Correlation of velocity (normalized)"')

plt.savefig(folder corr + '/corr colorplot vel.png',6 format='png')
plt.savefig(folder corr + '/corr colorplot vel.eps',6 format='eps')
np.save (folder corr + '/corr dist time vel.npy',corr dist time final)
plt.show ()

make correlation plots stereotyp(delta slen good, framerate, folder,t 1lim=(0,1),norm=False
,timeshift=0) :

start contr int correct = [0]
framerate int = int (np.round(framerate,0)

folder corr = folder + '/correlation/'

if os.path.isdir(folder corr)== False:

os.mkdir (folder + '/correlation/')
intervals = range(0,int (np.round(framerate int*t 1im[1],0)))
#intervals = range(0,np.round(framerate int*t 1im[1]))

#intervals = range (0, framerate int+1)
corr dist time =

np.zeros ((len(intervals),len(start contr int correct),len(delta slen good),len(delta sle
n_good))) *np.nan

val_

for k,interval_k in enumerate (intervals):
for i,start i in enumerate(start contr int correct):
#choose right array of peak
delta k = np.asarray(delta slen good).T[start i+timeshift+ inter-
k:start i +timeshift+ interval k+2].T
for h,delta h in enumerate(delta_k):
for j,delta j in enumerate(delta k):
corr hj = np.correlate(delta h,delta j)
corr_dist_timelk,i,h,j] = corr_hj
corr dist time final = np.zeros((len(intervals),len(corr dist time.T)))
for i,interval i in enumerate (intervals):
corr_dist_time_ i1 = corr_dist_time[interval i]

corr dist i mean = np.zeros((len(corr dist time i),len(delta slen good)))

for j,spike j in enumerate (corr dist time i):

corr dist j = np.zeros((len(delta slen good),len(delta slen good)*2))*np.nan

for k in range(len(delta slen good)):
norm = spike j[k,k]
for 1 in range(len(delta slen good)):
dist = abs(1l-k)
val written = False
corr kl = spike j[k,1]
if norm==True:
corr_kl = spike j[k,1l]/norm
for m in range(len(delta slen good)*2):

if np.isnan(corr_dist_j[dist,m])== True and val written==False:
corr dist j[dist,m] = corr kl
val written = True
corr dist j mean = [np.nanmean(corr dist j[idx]) for idx in
range (len(corr dist j))]
corr dist i mean[j] = corr dist j mean
mean_dist = [np.nanmean(corr_dist i mean.T[idx]) for idx in
range (len(corr dist i mean.T))]
corr dist time final[i] = mean dist
zp = []
for interval in intervals:
z = corr_dist_time final[intervall]

#plt.plot(x,vy,z)

zp.append(z)
#make plot 3d with rawdata and correlation
plt.figure ()
zp = np.asarray(zp)

xp,yp = np.meshgrid(range (len(delta_slen good)+1l), [float(r)/framerate int for r in
range (len(zp))])

#xp,yp = np.meshgrid(range (len(delta slen good)), [float (r)/framerate int for r in

range (len(zp))])

plt.subplot(l, 1, 1)
vmax = np.max(zp.T[0:7])
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plt.pcolor (xp, yp, zp, cmap='RdBu', vmin=-vmax, vmax=vmax)

plt.x1lim(0,7)

plt.ylim(t 1im([0],t 1im[1])

plt.xlabel ('Sarcomer distance [indices]"')

plt.ylabel ('Time [s]"'")

plt.title('Stereotypical peaks')

plt.colorbar (label="Correlation of contraction (normalized)"')
plt.savefig(folder corr + '/corr colorplot stereotyp.png',format='png')
plt.savefig(folder corr + '/corr colorplot stereotyp.eps', format='eps')
np.save (folder corr + '/corr dist time stereotyp.npy',corr dist time final)

plt.show ()
# velocity
intervals = range(0,int (np.round(framerate int*t 1im[1],0)))
#intervals = range (0, framerate int+1)
vel good = [np.diff(delta slen good i) for delta slen good i in delta slen good]

corr dist time =
np.zeros ((len(intervals),len(start contr int correct),len(vel good),len(vel good))) *np.n
an
for k,interval k in enumerate (intervals):
for i,start i in enumerate(start contr int correct):
#choose right array of peak
delta k = np.asarray(vel good).T[start i+ interval k:start i + inter-

val k+2].T
for h,delta h in enumerate(delta_k):
for j,delta j in enumerate(delta k):
corr hj = np.correlate(delta h,delta j)
corr dist time([k,i,h,j] = corr hj
corr dist time final = np.zeros((len(intervals),len(corr dist time.T)))
for i,interval i in enumerate (intervals):
corr_dist_time_ i = corr_dist_time[interval i]

corr dist i mean = np.zeros((len(corr dist time i),len(delta slen good)))
for j,spike j in enumerate (corr dist time 1i):
corr dist j = np.zeros((len(delta slen good),len(delta slen good)*2))*np.nan
for k in range(len(delta slen good)):
norm = spike j[k,k]
for 1 in range(len(delta slen good)):
dist = abs(1l-k)
val written = False
corr_kl = spike_j[k,1]
for m in range(len(delta slen good)*2):

if np.isnan(corr_dist_j[dist,m])== True and val written==False:
corr dist j[dist,m] = corr kl
val written = True
corr dist j mean = [np.nanmean(corr dist j[idx]) for idx in
range (len(corr dist j))]
corr dist i mean[j] = corr dist j mean
mean_dist = [np.nanmean(corr_dist i mean.T[idx]) for idx in
range (len(corr dist i mean.T))]
corr_dist_time_final[i] = mean_dist
zp = []
for interval in intervals:
z = corr_dist_time final[intervall]

#plt.plot(x,vy,z)
zp.append(z)

#make plot 3d with rawdata and correlation

plt.figure ()

zp = np.asarray(zp)

xp,yp = np.meshgrid(range (len(delta_slen good)+l), [float(r)/framerate int for r in
range (len(zp))])

#xp,yp = np.meshgrid(range (len(delta slen good)), [float (r)/framerate int for r in
range (len(zp))])

plt.subplot(l, 1, 1)

vmax = vmax = np.max(zp.T[0:7])

plt.pcolor (xp, yp, zp, cmap='RdBu', vmin=-vmax, vmax=vmax)

plt.x1lim(0,7)

plt.ylim(t 1im[O0],t 1im([1])

plt.xlabel ('Sarcomer distance [indices]"')

plt.ylabel ('Time [s]"'")

plt.colorbar (label="'Correlation of velocity (normalized)"')

plt.savefig(folder corr + '/corr colorplot vel stereotyp.png',format='png')

plt.savefig(folder corr + '/corr colorplot vel stereotyp.eps', format='eps')

np.save (folder corr + '/corr dist time vel stereotyp.npy',corr dist time final)

plt.show()
def
make correlation plot single sarcomer(delta slen good, framerate,start contr, folder, times
hift=0,norm=False) :

folder corr = folder + '/correlation/'

framerate int = int (np.round(framerate,0))



6 Appendix 126

if os.path.isdir(folder corr)== False:
os.mkdir (folder + '/correlation/'")
for n in range(len(delta slen good)):
intervals = range (0, framerate int+1)
corr dist time =
np.zeros ((len(intervals),len(start contr),len(delta slen good),len(delta slen good))) *np
.nan
for k,interval_k in enumerate (intervals):
for i,start_i in enumerate(start_contr):
#choose right array of peak
delta k = np.asarray(delta slen good).T[start i+timeshift+ inter-
val k:start_i +timeshift+ interval k+2].T
for h,delta h in enumerate(delta_k):
for j,delta j in enumerate(delta k):
corr hj = np.correlate(delta h,delta j)
corr_dist_timelk,i,h,j] = corr_hj
corr dist time final = np.zeros((len(intervals),len(corr dist time.T))) *np.nan
for i,interval_i in enumerate (intervals):
corr_dist_time_ i1 = corr_dist_time[interval i]
corr dist i mean = np.zeros((len(corr dist time i),len(delta slen good)))
for j,spike j in enumerate (corr dist time 1i):
corr dist j =
np.zeros ((len(delta slen good),len(delta slen good)*2)) *np.nan
for 1 in range(len(delta slen good)):
dist = abs(l-n)
val written = False
corr nl = spike j[n,1]
if norm==True:
corr nl = spike j[n,1l]/norm
for m in range(len(delta slen good)*2):
if np.isnan(corr_dist_j[dist,m])== True and val written==False:
corr dist j[dist,m] = corr nl
val written = True
corr dist j mean = [np.nanmean(corr dist j[idx]) for idx in
range (len(corr dist j))]
corr dist i mean[j] = corr dist j mean
mean_dist = [np.nanmean(corr_dist i mean.T[idx]) for idx in
range (len(corr dist i mean.T))]
corr dist time final[i] = mean dist
zp = []
for interval in intervals:
z = corr_dist_time final[intervall]
#plt.plot(x,v,z)
zp.append (z)
#make plot 3d with rawdata and correlation
plt.figure ()
zp = np.asarray(zp)
Xp,yp = np.meshgrid(range (len(delta slen good)+1l), [float (r)/framerate int for r
in range(len(zp))])
#xp,yp = np.meshgrid(range (len(delta slen good)), [float (r)/framerate int for r
in range (len(zp))])
plt.subplot(l, 1, 1)
vmax = np.nanmax (zp)
plt.pcolor(xp, yp, zp, cmap='RdBu', vmin=-vmax, vmax=vmax)
plt.x1lim(0,7)
plt.xlabel ('Sarcomer distance [indices]"')
plt.ylabel ('Time [s]"'")
plt.title('sarcomer #'+str(n))
plt.colorbar (label="Correlation of contraction (normalized)"')
plt.savefig(folder corr + '/corr colorplot sarc '+str(n)+'.png',format='png')
plt.savefig(folder corr + '/corr colorplot sarc '+str(n)+'.eps',6 format='eps')
#np.save (folder + '/manual/corr dist time.npy',corr dist time final)

plt.show ()
# velocity
intervals = range (0, framerate int+1)
vel good = [np.diff(delta slen good i) for delta slen good i in delta slen good]

corr dist time =
np.zeros ((len(intervals),len(start contr),len(vel good),len(vel good))) *np.nan
for k,interval_k in enumerate (intervals):
for i,start_i in enumerate(start_contr):
#choose right array of peak
delta k = np.asarray(vel good).T[start i+ interval k:start i + inter-
val k+2].T
for h,delta h in enumerate(delta_k):
for j,delta j in enumerate(delta k):
corr hj = np.correlate(delta h,delta j)
corr_dist_ time[k,i,h,j] = corr_hj
corr_dist_time_final = np.zeros((len(intervals),len(corr_dist time.T)))
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for i,interval_i in enumerate (intervals):
corr_dist_time_ i1 = corr_dist_time[interval i]
corr dist i mean = np.zeros((len(corr dist time i),len(delta slen good)))
for j,spike j in enumerate (corr dist time 1i):
corr dist j =
np.zeros ((len(delta slen good),len(delta slen good)*2)) *np.nan
for 1 in range(len(delta slen good)):
dist = abs(1l-n)
val written = False
corr nl = spike j[n,1]
for m in range(len(delta slen good)*2):

if np.isnan(corr_dist_j[dist,m])== True and val written==False:
corr dist j[dist,m] = corr nl
val written = True
corr dist j mean = [np.nanmean(corr dist j[idx]) for idx in
range (len(corr dist j))]
corr dist i mean[j] = corr dist j mean
mean_dist = [np.nanmean(corr_dist i mean.T[idx]) for idx in
range (len(corr dist i mean.T))]
corr_dist_time_ final[i] = mean_dist
zp = []
for interval in intervals:
z = corr_dist_time final[intervall]

#plt.plot(x,v,z)
zp.append(z)
#make plot 3d with rawdata and correlation
plt.figure ()
zp = np.asarray(zp)
xp,yp = np.meshgrid(range (len(delta slen good)+1l), [float (r)/framerate int for r
in range(len(zp))])
#xp,yp = np.meshgrid(range (len(delta slen good)), [float (r)/framerate int for r
in range (len(zp))])
plt.subplot(l, 1, 1)
vmax = np.nanmax (zp)
plt.pcolor(xp, yp, zp, cmap='RdBu', vmin=-vmax, vmax=vmax)
plt.x1im(0,7)
plt.xlabel ('Sarcomer distance [indices]"')
plt.ylabel ('Time [s]"'")
plt.title('sarcomer #'+str(n))
plt.colorbar (label="'Correlation of velocity (normalized)"')
plt.savefig(folder corr +
'/corr colorplot vel sarc '+str(n)+'.png',format='png')
plt.savefig(folder corr +
'/corr colorplot vel sarc '+str(n)+'.eps',6 format='eps')
#np.save (folder + '/manual/corr dist time vel.npy',corr dist time final vel)
plt.show()
def
make neighbor correlation plot(delta slen stereotyp, framerate, folder,idx plot,yticks,xra
nge_neighbor=0.8,name_save=None, res_folder=None) :
delta slen ste = np.asarray([delta slen stereotyp[idx] for idx in idx plot])
#xrange neighbor=int (xrange neighbors)
plt.figure(figsize=(3,10)
ax = plt.subplot(l,1,1)
ax.spines['top'].set color('none')
ax.spines|['bottom'].set color('none')
ax.spines['left'].set color('none')
ax.spines['right'].set color('none')
ax.tick params (labelcolor='w', top='off', bottom='off', left='off', right='off')
time = np.arange (0, (len(delta slen ste.T))/float (framerate),1l/float (framerate))
len delta = len(delta slen_ste)

ylim = [np.min(delta slen ste),np.max(delta slen ste)]
tick = float(int (10*np.max (np.abs(ylim)))) /10
print tick
#yticks = [-tick,0,tick]
num_subplot = 8%*3+7
X =1
((1,3)),(4), ((5,7)),(8),(9,11),12,(13,15),16, (17,19),20, (21,23),24, (25,27),28, (29,31)]

for i,delta in enumerate(delta slen ste):
axl = plt.subplot (num subplot,1,X[2*i])
axl.grid()
axl.plot (time,delta slen ste[i], 'k',linewidth=1.5)
axl.set yticks (yticks)
axl.set yticklabels(yticks, fontsize=12)
axl.set xticklabels([])
axl.set ylim(ylim)
axl.set_x1im(0,xrange_neighbor)
#plt.ylim(-ylim, ylim)
#plt.set x1im(0,np.max (time))
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corr = delta.copy()*np.nan
if i < len delta-1:
for j,d_t in enumerate(delta):
d 1 = delta slen ste[i][]]
d 2 = delta slen ste[i+1][]]
corr[j] = d 1*d 2
len time = len(delta slen ste.T)
xx = np.arange(-0.5,len time-0.5)/framerate
yy = range(2)
XX,YY = np.meshgrid(xx,yy)
727 = np.asarray([list(corr),list(corr)])
v_max = np.nanmax (np.abs(ZZ))
#plt.subplot (num subplot,l,X[2*i+1])
ax2 = plt.subplot (num subplot,1,X[2*i+1])
ax2.pcolor (XX, YY, ZZ,cmap="'RdBu', vmin=-v max/2, vmax=v_max/2)
ax2.set yticks([])
ax2.set yticks([])
ax2.set yticklabels([], fontsize=0)
ax2.set xticks([])
ax2.set x1im(0, xrange neighbor)
#ax2.set (aspect=1,)
axl.set xlabel('time [s]')
xticks 3 = np.arange (0,xrange neighbor,0.2)
#xticks 3 = [0,0.2,0.4,0.6,0.8]
axl.set_ xticks(xticks_3)
axl.set_ xticklabels(xticks_3, fontsize=12)
plt.subplots_adjust (bottom=0.08, left=0.2, top = 0.95, right=0.95)
#plt.show ()
ax.set ylabel ('stereotypic contraction [um]',6color='k'")
plt.savefig(folder + '/correlation/neighborcorrelation.png', format="'png"')
plt.savefig(folder + '/correlation/neighborcorrletaion.eps',format="'eps')
#if name_save<>None:
# plt.savefig(res folder +'/'+ name save + '.png',6 format='png')
# plt.savefig(res folder +'/'+ name save +'.eps',6 format='eps')
def
get corrected start contr by correlation(z pos good, framerate,start contr,shift contr=0)

shift array = []

start contr int = [np.round(start,0) for start in start contr]
len_interval = framerate
start contr int 0 = [contr+shift contr for contr in start contr int if

contr+len interval < len(np.asarray(z pos good).T)]
# determine shift correction of start time by crosscorrelation of peaks of each sar-
comer and average
shift contr = []
#z_pos equ good = [z - equ z pos[i] for i,z in enumerate(z_pos good)]
for z in z pos_good:
#fig,ax = plt.subplots(figsize=(10,4))
z cc = np.zeros((len(start contr int 0),len interval))
# reference idx k
for i,contr in enumerate(start contr int 0):
# cc is for crosscorrelation
#ax.plot (z[contr:contr+len_intervall)
z ccli]=z[contr:contr+len interval]
for k,z_k in enumerate(z_cc):
shift contr z = []
for j,z J in enumerate(z_cc):
#print z k,z j
shift = len(z_k)-np.nanargmax (np.correlate(z_k,z j,mode='full'))-1
shift contr z.append(shift)
#print shift
shift contr.append(shift_contr_z)
shift contr mean k = [np.round(np.median(np.asarray(shift contr) .T[idx]),0)
for idx in range(len(np.asarray(shift contr).T))]
#print shift contr mean_k
shift_array.append(shift_contr_mean k)
shift all = [np.round(np.nanmean(contr),0) for contr in np.asarray(shift array).T]
start contr int correct = [start contr int O0[idx]+shift all[idx] for idx in
range (len(start contr int 0))]
return start contr int correct
def convert_to list(arr, framerate=1):
arr list = []
for arr_i in arr:
for arr_j in arr_i:
if np.isnan(arr_ j)==False:
arr list.append(arr j/framerate)
return arr list
def make hist lcell (peaks_auto diff,height auto,vel plus,vel minus, framerate, folder):
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height hist = convert to list(height auto)

times hist = convert to list(peaks auto diff, framerate=framerate)
fig hist = plt.figure(figsize=(12,9))

axl = fig hist.add subplot(2,2,1)

axl.hist (height hist)

axl.set_x1im(0,np.nanmin (height_hist))

axl.set xlabel('$\Delta$SL$ {max}$ [um]')

axl.set ylabel ('# Contractions')

axl.set title('Amplitude of Max. Contraction $\Delta$SL$ {max}$')
ax2 = fig hist.add subplot(2,2,2)

ax2.hist (times hist)

ax2.set xlabel ('t$ {max}$ [s]"')

ax2.set ylabel ('# Contractions')

ax2.set title('Time of Max. Contraction')

ax3 = fig hist.add subplot (2,2, 3)
ax3.scatter (times _hist,height hist)

ax3.set title('Amlplitude vs. Time of Max. Contr.')
ax3.set xlabel ('t$ {max}$ [s]"')

ax3.set ylabel ('$\Delta$SL$ {max}$ [um]')

ax3.grid()
ax4 = fig hist.add subplot(2,2,4)
x ticks = ['+','-"]

factor = 1/float (framerate)
data boxplot =
[np.abs (convert to list(vel minus, factor)),convert to list(vel plus, factor)]
ax4.boxplot (data boxplot,labels = x ticks)
ax4.set _title('(+) an (-) Velocity')
axd.set ylabel ('Velocity [um/s]')
plt.subplots_adjust (bottom=0.05,1eft=0.08, right=0.97, top=0.95)
fig hist.savefig(folder + '/histograms lcell.png', format='png')
fig hist.savefig(folder + '/histograms lcell.eps',6 format='eps')
def
make_hist lcell transl (peaks_auto_diff,height_auto,vel_ plus,vel minus, framerate, folder) :
height hist = convert to list(height auto)
times hist = convert to list(peaks auto diff, framerate=framerate)
fig hist = plt.figure(figsize=(12,9))
axl = fig hist.add subplot(2,2,1)
axl.hist (height hist)
axl.set x1im(0,np.nanmax (height hist))
axl.set xlabel ('$\Delta$SL$ {max}$ [um]')
axl.set ylabel ('# Contractions')
axl.set title('Amplitude of Max. Contraction $\Delta$SL$ {max}$')
ax2 = fig hist.add subplot(2,2,2)
ax2.hist (times hist)
ax2.set xlabel ('t$ {max}$ [s]"')
ax2.set ylabel ('# Contractions')
ax2.set _title('Time of Max. Contraction')
ax3 = fig hist.add subplot (2,2, 3)
ax3.scatter (times _hist,height hist)
ax3.set_title('Amlplitude vs. Time of Max. Contr.')
ax3.set xlabel ('t$ {max}$ [s]"')
ax3.set ylabel ('$\Delta$sSL$ {max}$ [um]')

ax3.grid()
ax4 = fig hist.add subplot(2,2,4)
x ticks = ['"+','-"]

factor = 1/float (framerate)
data boxplot =
[np.abs (convert to list(vel minus, factor)),convert to list(vel plus, factor)]
ax4.boxplot (data boxplot,labels = x ticks)
ax4.set _title('(+) an (-) Velocity')
axd.set ylabel ('Velocity [um/s]')
plt.subplots_adjust (bottom=0.05,1eft=0.08, right=0.97, top=0.95)
fig hist.savefig(folder + '/histograms lcell.png', format='png')
fig hist.savefig(folder + '/histograms_lcelleps' format='eps')
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