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ZUSAMMENFASSUNG

2. ZUSAMMENFASSUNG

Bei Erwachsenen fuhrt ein Myokardinfarkt zum Untergang von Kardiomyozyten (CM),
woraufhin es zu anschlieBender Narbenbildung mit Symptomen der Herzinsuffizienz
kommen kann. Obwohl neue Behandlungsansatze die Lebensdauer von Patienten mit
Herzinsuffizienz verlangern, kann bisher der geschadigte, nicht-kontraktile Herzmuskel
nicht geheilt werden. Dies fuhrt zu einer inakzeptabel hohen Préavalenz von Patienten mit

Herzinsuffizienz.

Im vorliegenden Projekt haben wir im Labor von Dr. Jakob/Prof. Landmesser ein
Transfektionsprotokoll fir microRNAs in humanen induzierbaren pluripotenten
Stammzellen (iPSC)-Kardiomyozyten mittels einem Lipid-basierten Ansatz etabliert.
Zudem haben wir verschiedene Methoden getestet, um eine Hypoxie und
Reoxygenierung in vitro nachzuahmen. Diese Protokolle wurden erfolgreich in einem
384-Well-Format transferiert, welches fur ein Hochdurchsatz-Screening geeignet ist.
Dariber hinaus wurden fluoreszenzbasierte Farbungen zur Detektion von
proliferierenden Kardiomyozyten (5-Ethinyl-2'-desoxyuridin (EdU), phosphoryliertes
Histon H3 (pH3)) in hiPSC-Kardiomyozyten etabliert. Nach Erreichen dieses wichtigen
Meilensteins wurde am Leibniz-Institut fir Molekulare Pharmakologie (FMP, Campus

Berlin-Buch) das Hochdurchsatzverfahren durchgefinhrt.

Als Modellsystem verwendeten wir humane iPSC, die in Kardiomyozyten differenziert
wurden. Zwei parallele Hochdurchsatz-Screenings zur ldentifizierung pro-proliferativer
microRNAs (miRNAS) in humanen Kardiomyozyten wurden umgesetzt. Nach individueller
Transfektion von 2019 miR-mimics und anti-miRs mittels einer microRNA-Bibliothek

wurden Surrogatmarker der Zellproliferation mittels high-content Imaging analysiert.

Die vorliegende Studie hat zum ersten Mal eine Bibliothek aus 2019 anti- und mimic-
MiRNAs getestet, um microRNAs zu identifizieren, welche eine zentrale Rolle fir den
Wiedereintritt in den Zellzyklus in humanen iPSC-Kardiomyozyten spielen. Die
Uberexpression zweier miRNAs — miR-515-3p und miR519e-3p - fihrte in verschiedenen
funktionellen und molekularen Validierungsexperimenten zu einem signifikanten Anstieg
der Zell-Proliferation. Da die ausbleibende Zellproliferation der Kardiomyozyten und somit
der Verlust des kontraktilen Herzmuskels bei Patienten mit Herzinfarkt die primére

Ursache der Herzinsuffizienz darstellt, bieten die identifizierten microRNAs einen
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potenziellen Therapieansatz zur Wiederherstellung des Herzmuskels tber eine Anregung

der proliferativen Signaltransduktionswege in Kardiomyozyten.
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3. ABSTRACT

In adults, cardiac injury results in loss of cardiomyocytes (CM) and subsequent scar
formation with heart failure symptoms. Although novel treatment approaches prolonged
life span of patients with heart failure, the damaged myocardium cannot be cured,

resulting in an unacceptable high prevalence of patients suffering from heart failure.

In the current project, during the last years in the laboratory of Dr. med. P. Jakob/Prof.
Dr. med. U. Landmesser, we established a forward microRNA-transfection protocol using
a liposome-based approach in human iPSC-cardiomyocytes (iPSC-CMs) that results in a
high transfection efficiency. This protocol was successfully transferred to a 384-well
format that is suitable for a high-throughput screening. In addition, fluorescent staining
protocols for read-out of proliferation markers (5-ethynyl-2'-deoxyuridine (EdU),
phosphorylated histone H3 (pH3)) have been performed and optimized in human iPSC-
CMs. In addition, a protocol that mimics hypoxia/reoxygenation in human iPSC-CMs has
been established. After the accomplishment of these important milestones, we later
transferred the protocol to the Screening Unit at Leibniz-Institute for Molecular
Pharmacology (FMP, Campus Berlin-Buch) to conduct a functional high-throughput

screening.

As a model system, we used human iPSC that were differentiated into cardiomyocytes.
Two parallel high-throughput screenings for the identification of pro-proliferative
microRNAs (miRNAs) in human cardiomyocytes were performed after individual
transfection of 2019 miR-mimics and anti-miRs using a microRNA-library. Surrogate

markers of cell proliferation were analyzed by high content imaging.

For the first time, we utilized a library of 2019 anti- and mimic-miRNAs to identify miRNAs
that exert a central role in the induction of cell-cycle reentry and enhancement of
proliferation in human cardiomyocytes. Of note, overexpression of two miRNAs - miR-
515-3p und miR519e-3p - resulted in a significant induction of proliferation as assessed
using functional and molecular validation methods. As withdrawal of adult human
cardiomyocytes from the cell-cycle is the primary reason for inadequate replenishment
and thus for heart failure in patients after myocardial injury, the identified miRNAs may
represent novel potential therapeutic targets for the treatment of myocardial injury and

ischemic cardiomyopathy.
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4. INTRODUCTION

4.1 Ischemic heart diseases

Cardiovascular diseases (CVDs), especially ischemic heart disease (IHD), remain the
leading cause of deaths in the world. Annually an average of 17.3 million deaths are
accountable due to IHD. ! IHD is also referred to coronary heart disease (CHD) or
coronary artery disease (CAD). Etiology of IHD includes acute or chronic obstruction of
the coronary blood flow to the cardiac muscle. This obstruction happens due to varied
reasons, most commonly due to coronary plaque formation and thrombus formation after
plague rupture such as seen in patients with acute coronary syndrome. Once the disease
is established, it eventually leads to temporary or permanent loss of oxygenated blood
supply thus causing death of cardiomyocytes. Loss of cardiomyocytes results into
decreased contractility and hence, reduced cardiac function. % 3 Cardiomyocyte cell death
may occur progressively as consequence of constantly reduced oxygen supply or
suddenly in patient with myocardial infarction that may result in loss of more than a quarter
of heart muscle. Myocardial infarction remains the most common cause of heart failure
(HF). Despite progress made over the last decades, heart failure remains the most
significant health issue worldwide. Computational analysis predicts that every 42 seconds
a citizen suffers from myocardial infarction and 1 out of 7 deaths are caused by coronary

heart disease in the United States. 4

4.2 Myocardial infarction and cardiomyocyte loss

Myocardial infarction is due to occlusion or narrowing of coronary arteries in the heart.
Coronary arteries supply oxygen-rich blood and nutrients to the heart muscle. The
narrowing of the coronary artery is a result of deposition of atherosclerotic plaques
(cholesterol and fatty deposits) and may be complicated by thrombotic events. 2 This
deposition of the plagques can cause obstruction of the coronary arteries thereby limiting
blood flow to the heart muscle that leads to damage or death of cardiomyocytes (CM).
Loss of CMs is most prominent in the course of MI, which leads to inflammatory response,
infiltration of neutrophils, hypoxia and formation of fibrous tissue, with subsequent scar
formation that ultimately compromise the heart function. 3 The heart is one of the organs
with least regenerative capacity compared to other tissue such as skin, liver, skeletal

muscle, gut, bladder, lung and bone. There are approximately four billion cardiomyocytes
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that build the left ventricle. One billion cardiomyocytes may be wiped out within a few
hours post myocardial infarction.® In this regard, it is of utmost importance to prevent the
loss of cardiomyocytes, as the damaged myocardium is irreparable. The adult heart was
considered as a post-mitotic organ. However, recent studies have reported that few
cardiomyocytes may undergo mitosis in the diseased adult heart in an attempt to
regenerate the myocardium. 88 It was also shown that in adolescence, a negligible count
of cardiomyocytes within the human heart undergoes cell cycle re-entry. °® However, even
if cardiomyocyte proliferation does occur, the rate is too low to repair the injured heart.
Therefore, novel regenerative strategies to increase cell cycling of human

cardiomyocytes with subsequent regeneration of the heart muscle is urgently needed.

4.3 Strategies in achieving heart regeneration

4.3.1 Cardiomyocyte cell-cycle activity

Cardiomyocyte cell cycle activity diminishes during the postnatal heart growth due to the
downregulation of pro-mitotic factors such as cyclins and their dependent kinases, which
play a crucial role in cardiac regeneration.'® The fact that proliferation of cardiomyocytes
occurs during the early development and for a short time after birth, but is not evident in
later stages, makes the transition of cell-cycle withdrawal and re-entry an interesting
model to study. The events that occur in a cell leading to its duplication and division, are
regulated as part of the cell cycle (Figure. 1). There are four discrete phases in the
mammalian cell cycle (G1, S, G2 and M). The G1 (Gap) phase is where the cell prepares
to divide. Therefore, the cell enters the S phase (synthesis), where the DNA replication
occurs. Later the cell moves into G2 (gap) phase where the genetic material is organized,
and the cell prepares to divide. The later phase is the M-Phase (Mitosis), where the cell
divides into two daughter cells. The M-mitosis phase comprises the division of the
nucleus, which is termed karyokinesis, and division of the cytoplasm, which is termed
cytokinesis. Mitosis is comprised of five different phases; these include prophase,
prometaphase, metaphase, anaphase and telophase. Cytokinesis is the final step in the
cell cycle to achieve cell division (Figure. 1). 12 Adult cardiomyocytes fail to achieve
cytokinesis leading to multi-nucleation and polyploidization as cell cycle activity is tightly

regulated in the cardiomyocytes by the expression of several protein complexes called

10
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the cyclin dependent kinases (CDK Complexes). CDK activities are controlled by cyclin

dependent kinase inhibitors such as p21, p27 and p57. 12

Mitosis %

Exit

Cyclin - CDKs $%

Cytokinesis

G1
Binucleation Arrest
Cyclin - CDKs #4
cardiomyocyte Hunaeiark
cell cycle ypertrophy
G2 S

Arrest
Cyclin - CDKs 44

Polyploidy

Figure 1. Schematic representation of cardiomyocyte cell cycle activity.

There are four discrete phases in the mammalian cell cycle (G1, S, G2 and M). The word “exit” refers to
GO arrest, due to lack of cyclins and cyclin dependent kinase complexes. The term “arrest” refers to a non-
GO arrest (G1 or G2), caused due to the high levels of cyclin-dependent kinase complexes. Figure adopted
from Locatelli. P et al., 2019. 13

During cardiac development, the fetal heart grows through proliferation of
cardiomyocytes. But shortly after birth, the mammalian cardiomyocytes enter into a
terminal state of the cell cycle, resulting in bi-nucleation or poly-nucleation, due to failure
of cytokinesis, 4 1> as a consequence of upregulation of cell cycle Inhibitors (e.g. p21,
p27, p57, p15, pl6 and p18) and by downregulation of cell-cycle activators (e.g., Cyclin
A, B, D and E). 81315 Cell cycle dependent kinases and cyclins are highly expressed in

11
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fetal cardiomyocytes, which help the cells to progress through G1, S, G2 and M-phase to
achieve cell division. The levels of these proteins are downregulated significantly in adult
cardiomyocytes, resulting in a decline of cardiomyocyte proliferation (Figure. 2). 16-18

Therefore some studies have focussed on stimulating the cell cycle activity in the

cardiomyocytes either by activating or blocking the cell cycle regulators.®
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Figure 2: Expression and activity of cell cycle proteins in cardiomyocytes at
different stages of cardiac development.

Dark shades (® are the indicators for higher expression and lighter shades @ © O) for lower activity.

Empty circles (©) indicate that the proteins are rarely detectable or undetectable.

Figure adopted from Ponnusamy. M et al., 2017. 8

4.3.2 Cell-cycle regulators in cardiac regeneration

In an effort to stimulate cardiomyocyte proliferation, the cyclin-dependent kinase (CDK)
pathway was targeted. In particular, cell cycle activators such as cyclin D1 and D2
overexpression in the adult heart stimulated DNA synthesis and resulted in regression of
the infarct after cardiac injury in mice. 2° It was also shown that cell cycle re-entry of
neonatal cardiomyocytes can be achieved through activation of Notch signaling, by
targeting cyclin D1. 2! Notch signalling pathway plays a crucial role in cell signalling that
is mediated by four Notch receptors (Notchl-Notch4). These play a key role during
embryonic heart development and are essential for the development of ventricular
chamber formation in the heart. 2* Another interesting study focussed on the transcription
factor Myeloid Ecotropic Viral Integration Site 1 (Meis 1). Meisl-overexpression induced
cardiomyocyte cell cycle arrest and blocked the heart regeneration under stress
conditions, through transcriptional activation of cyclin-dependent kinase inhibitors p15,
p16 and p21.22 Double knockout of Meis 1 and its co-factor Homeobox protein (Hox-B13)
induced cardiomyocyte mitosis and improved systolic left ventricular function post
myocardial infarction. 2 It was also shown that combination of four cell cycle regulators
(Cyclin B1, Cyclin D1, Cdkl and Cdk4) induced post-mitotic cell division in
cardiomyocytes in different species such as mice, rats including human induced
pluripotent stem cell derived cardiomyocytes (hiPSC-CMs). Combination of these four
cell cycle regulators further improved stable cytokinesis and improved cardiac function in
mice, suggesting a therapeutic role for activation of cell cycle regulators for cardiac
regeneration.?* In addition to the intrinsic factors, cardiomyocyte cell cycle can also be
stimulated by extrinsic signalling mechanisms such as Hippo/Yap signalling and oxidative

stress and oxygen metabolism that could play a crucial role in regulating proliferation of
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mammalian cardiomyocytes, by inducing cardiac regeneration. 25 Therefore, both

mechanisms are described in the following paragraphs.

4.3.3 Hippo/Yap-signalling in cardiac regeneration

Hippo/Yap (Yes-associated protein) signalling is an evolutionarily conserved pathway,
that plays a crucial role in controlling organ size and cell proliferation. 26 The main
components of Hippo pathway consist a kinase cascade, such as mammalian STE20-like
kinase (MST1 and MST2), large tumour suppressor homologue (LATS1 and LATS2),
protein Salvador homologue 1 (SAV1) and its transcriptional coactivators that are
downstream effectors YAP and WW-domain-containing transcription regulator 1 (TAZ)
that shuttles between nucleus and cytoplasm depending on the response to multiple
signals. When the Hippo signalling is activated, YAP is inactive in the cytoplasm where,
LATS1 is phosphorelated by MST1, which then further phosphorylates YAP/TAZ. When
Hippo is inactivated, YAP/TAZ interacts with members of transcriptional enhancer factor
domain (TEAD) and regulates transcription of genes and the nuclear YAP/TAZ promote
cell proliferation and de-differentiation of post-mitotic cells. 2’ Hippo pathway is an
important regulator, which controls proliferation of cardiomyocytes and heart size. SAV1
genetic deletion at birth increased cardiomyocyte proliferation. 22 Whereas, MST1 2° or
LATS2 30 overexpression resulted in dilated cardiomyopathy and stimulated apoptosis in
postnatal heart, which supports an essential key role of this pathway in embryonic and
fetal development with the regulation of cardiomyocyte proliferation. Activation of Hippo
pathway blocks cardiac regeneration, whereas adult mice with Hippo deficiency induced
cardiomyocyte cell cycle re-entry and promoted cytokinesis. 3! Inactivation of YAP1 in
fetal heart resulted in lethal cardiac hypoplasia, while overexpression of YAP1 stimulated
postnatal cardiomyocyte proliferation. 32 Administration of SAV1 targeted short hairpin
RNAs post myocardial infarction improved heart function 32 suggesting that targeting
Hippo pathway could be promising therapeutic approach for treating myocardial infarction

and enhancing cardiac regeneration.

4.3.4 Hypoxiain cardiac regeneration
Under oxygen deficiency (hypoxia) or anaerobic conditions, the mammalian heart muscle
cannot produce enough energy to maintain cellular processes. Therefore, a constant

oxygen supply is a vital factor for the viability and function of cardiac cells. 3* There is a
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strong association between cardiomyocytes proliferative capacity and oxidative

metabolism in different species of vertebrates 2° (Figure. 3).

fetal/
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growth Hyperplastic Hyperplastic Hyperplastic Hypertrophic
Cardiomyacyis g leated M leated M leated  Bi- or Multi-nucleated
nugleation ononucleate ononucleate ononucleate i- or Multi-nucleate
Oxygenation L L L High
state ow ow ow ig
Mitochondrial .
respiration Low ? Low High
0xur1at|ve i 2 Bt i

Figure 3: Comparison of cardiac regeneration and oxidative metabolism across
vertebrate species.

Figure adopted from Kimura. W et.al., 2017 25

Embryonic and neonatal cardiomyocytes depend on glycolysis as a source of energy,
whereas due to high metabolic needs in postnatal cardiomyocytes, the energy sources
utilized by these cells are through mitochondrial respiration. 2> A study described,
oxidative metabolism upregulation is the upstream signal, leading to cell cycle arrest of
postnatal cardiomyocytes, which is due to the oxygen rich environment. They show, in
the heart, especially during the postnatal week, there is a significant increase in the
markers for oxidative DNA damage, and DNA damage response (DDR). Rivetingly, either
inhibition of DDR or postnatal hypoxemia increases the proliferation potential in postnatal

cardiomyocytes, where reactive oxygen species and hyperoxemia shortens the
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proliferative window. 3% Hypoxia is mainly considered a pathological phenomenon, in fact,
the mammalian embryo develops in an environment with low oxygen. 3¢ Hypoxia also
plays a major role in differentiation, proliferation and maintenance of embryonic stem cell
derived cardiomyocytes (ESC). The molecular mechanism is not well understood,
regarding why, low oxygen environments, directs ESCs to differentiate into
cardiomyocytes. At the molecular level, hypoxia is mediated by the transcription factor
hypoxia inducible factor -1 (HIF-1), and its alpha subunit, hypoxia inducible factor -1 (HIF-

1 a) which helps in promotion and oxygen delivery to the regions with hypoxia.

Studies have also shown that exogenous delivery of HIF-1a in ESCs increased the
beating frequency, cardiomyocyte positive cells, increased expression of early and late
cardiac markers, such as GATA-binding protein 4 and 6, a- and B-myosin heavy chain
and myosin light chain 2. Also promoted cardiogenesis by increased levels of vascular
endothelial growth factor (VGEF), suggesting a prominent role of HIF-1 mediated
signalling in maturation and cardiomyocyte differentiation. 3* HIF-1 a is also necessary
for the hypoxic fetal cardiomyocyte proliferation during mid-gestation, and loss of HIF-1 a
activated tumour protein p 53 (TP53) and activating transcription factor 4 (ATF4), which
inhibited proliferation of cardiomyocytes. ¢ Furthermore mice exposed to hypoxia
conditions re-activated the mitotic cells in cardiomyocytes by decreased ROS production,
inhibition of oxidative metabolism and reduced DNA damage. 3° Studies performed by
Mark T Keating and group, showed that even after 20 % amputation of ventricular heart
tissue, the adult zebrafish, was still capable of regenerating the heart in two months
through cardiomyocyte proliferation. 4° The heart of the zebrafish is two chambered with
one atrium and one ventricle, that is exposed to hypoxic conditions, due to the mixture of
arterial and venous blood, 4! which is also observed, in the fetal circulation system inside
the uterus of mammals. Relatively the heart of the zebrafish and fetal heart of the
mammals reside in hypoxic environments, which relates to the animal studies describing
the positive effects of hypoxia in cardiomyocyte proliferation and cardiac regeneration. 3>
42 However, whether the ambient oxygen changes affect the mammalian cardiomyocyte
cell cycle is unknown. It is also shown that moderate levels of hypoxia (15% and 10%)
increased cardiomyocyte proliferation in human induced pluripotent stem cell (iPSC)—
derived cardiomyocytes (hiPSC-CMs). 43 44 Taken together the data highlights that
hypoxia stimulation might serve as a potential therapeutic towards human myocardial

regeneration.
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4.4 Human induced pluripotent stem cell derived cardiomyocytes for
cardiac regeneration

Clinical trials using cell-based therapies to improve cardiac function in patients with heart

failure yielded only modest effects. 4° 46: 47 Application of cell-based therapies in a clinical

setting remains limited due to complicated isolation and culture procedures of adult

cardiomyocytes. Therefore, a new source of adult like mature cardiomyocytes is needed.

To improve and understand the mechanisms and functionality to achieve cardiac

regeneration through cardiomyocyte proliferation.

In 2006, Yamanaka’s group for the first time generated induced pluripotent stem (iPS)
cells. The iPS were generated by forced expression of four transcription factors, namely
Octamer binding transcription factor 4 (Oct-3/4), SRY-box2 (SOX2), V-myc
myelocytomatosis viral oncogene homolog (c-Myc), and Krippel-like factor (KIf4) in
mouse embryonic or adult fibroblasts.*® These iPS cells express similar properties of
embryonic stem cells (hESCs) #° and can be differentiated into a variety of cells including
cardiomyocytes. 4% 50 Since the past decade the method is widely applied in the
generation of human induced pluripotent stem cells 5% 52 and their differentiation into
functional cardiomyocytes (hiPSC-CMs), 535 that are currently being significantly
improved to overcome hurdles in achieving cardiac regeneration ¢ (Figure. 4). During
the last years, by using myocardial ischemic reperfusion model in hon-human primates
(pig-tailed macaque), the research groups of Laflamme and Murray delivered one billion
human embryonic stem cell derived cardiomyocytes (hESCs-CMs) via intra-myocardial
injections in the infarcted heart. 5’ The infarcted monkey heart was re-muscularized and
cardiac function was improved upon delivery of hESC-CMs. However, during 3-months
period, a large number of cardiomyocytes that were engrafted remained immature
resulting in non-lethal ventricular arrhythmias. >* Similarly, the group from Ikeda, injected
induced pluripotent stem cell derived cardiomyocytes in primates that resulted in
improved cardiac functionality and contractility.® HiPSC-derived cardiomyocytes were
also used in several applications (Figure. 4). As the hiPSC-derived cardiomyocytes
remain mostly immature, some studies focused on maturation of cardiomyocytes derived
from hiPSCs. As it takes several years in vivo for the cardiomyocytes to mature, >° recent
studies described about long term culturing of hiPSC-CMs, ©° which resulted in mature

phenotype in the alignment of myofibril density, with visible sarcomeric structures, a larger
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cell size, and the presence of the cardiac maturation genes (e.g. MYH7). Altogether,

these studies suggest that cardiac maturation process is still achievable. 6 62
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Figure 4: Steps to overcome the hurdles in cardiac regenerative therapy.

(1) Improving the efficiency of cardiomyocyte differentiation. (2) Cultivating cardiomyocytes in large-scale
systems, (3) Purification of cardiomyocytes in large-scale systems (4) characterization of
electrophysiological properties, (5) Utilizing the state of art techniques to improve tissue engineering and

(6) improving the feasibility and safety of using cardiomyocytes in large animal models.

Figure Adopted from Shugo T et al., 2016. 6

However, several experiments are still needed to fully understand the maturation and
integrity of hiPSC-CMs and resolve the safety and feasibility of transplanted
cardiomyocytes derived from hESCs and hiPSCs. % Indeed hiPSC-CMs can be utilized

as a model system in various fields. Such as screening of chemical libraries 4,
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microRNAs, 5 and in drug discovery, 67 to assess the effect of drug toxicity. 8 ©°
Recently, hiPSCs were also used in precision medicine by utilizing patient specific human
iPSC derived cardiomyocytes, "° in understanding and to delve mechanisms involved in
cardiac diseases °° ! and in recreating new models for translational cardiac regenerative
medicine 7> 7® (Figure. 5). In addition, growing body of evidence suggests that

microRNAs (miRNAs) are pivotal for cardiomyocyte homeostasis and proliferation. 74 7>

Q
”efation cell the‘a‘”

Figure 5: Evolution of translational cardiac regenerative therapies over time.

First generation therapies described safety and feasibility, with limited efficacy in a clinical setting. Cell
therapies in the second generation are used to match the target organ such as iPSCs and precision
medicine by using patient specific iPSCs. The current and next generation therapies utilized for cardiac
repair and regeneration for cell enhancement include, microRNAs, cytokines, 3d cell constructs,

biomaterials and cell-free models such as extra-cellular vesicles, non-coding RNAs, growth factors.

Figure adopted from Cambria. E et al., 2017. 73
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4.5 MicroRNAs as therapeutics

4.5.1 MicroRNA biology

MicroRNAs (miRNAs) are small non-coding RNAs, with an average of 20-23 nucleotides
in length. MiIRNAs interfere with messenger RNAs (mRNA) at the post-transcriptional
level that results in degradation or translational repression of the targeted mRNAs and
thus occupy a central role in gene regulation. 6 In the year 1993, the groups from Ambros
and Ruvkun discovered the first miRNA, termed lin-4, in Caenorhabditis elegans
(nematode). 7" 7® Horvitz and his team have previously shown that Lin-4 is a gene that
controls the temporal development events in C. elegans. ° A few years later, Ambros’
and Ruvkun’s research group discovered that Lin-4 is a small non-coding RNA and not a
protein-coding RNA. 8 This discovery made an important revolution in the field of
molecular biology. Most of the miRNAs are transcribed into primary miRNAs (pri-
miRNAs), which undergo multistep biogenesis and can be processed into precursor

miRNAs (pre-miRNAs) and later into mature miRNAs. 8183

The miRNA fundamental biogenesis factors such as Drosha 8 and Dicer 8 are involved
in pre-miR splicing. Deletions of these factors are lethal in mouse embryos. 8 86 The pri-
mMiRNAs are transcribed by RNA Polymerase I, processed in the nucleus, then cleaved
by RNase Il enzyme Drosha and the DiGeorge Syndrome Critical Region 8 (DGCRS8)
protein, known as Pasha, a partner of Drosha to form pre-miRNASs, which are short hairpin
RNAs, consisting of around 70 nucleotides. 8 8 The pre-miRNA is then exported from
the nucleus to the cytoplasm with the help of RAs-related Nuclear protein (Ran), Ran
GTPase activating protein (Ran-GTP), Ran-GTP/Exportin 5 mechanism, & and
thereafter, the pre-miRNA is processed by Dicer to generate a 22-nucleotide mature
miRNA. °° The gene silencing induced by miRNAs are processed with the association of
a multiprotein complex called RNA-induced silencing complex (RISC). 8 The mature
mMiRNAs enter into Argonaute containing RISC. Within this complex the gene expression
is repressed by the miRNAs through interaction with 3’-untranslated regions. ’® The 3'
untranslated region (3'UTR) of the target mRNA is the most common binding site of the
miRNA. However, functional binding sites can also be found in the coding region, °! and
5'-untranslated region (5'UTR). %293 The miRNAs are involved in various cellular and

biological process such as cell differentiation, cell death, and cell proliferation. 82 %4
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Intriguingly, one miRNA may target hundreds of mMRNAs mostly involved in the inhibition
of a common biological pathway such as proliferation or apoptosis. By repression of these
MRNAS, the output of a pathway can be profoundly altered. In the recent years, several
MiRNAs have been tested in animal models of cardiomyocyte hypertrophy, apoptosis and
several microRNAs were identified in regulating cardiomyocyte proliferation and cardiac
regeneration, which can be used experimentally for treatment of several cardiovascular
diseases (Figure. 6). Of interest, miRNAs can be therapeutically manipulated and

therefore hold exciting opportunities for future clinical therapies. % %
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Figure 6: MicroRNAs in cardiovascular diseases

miR-26a
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miR-218

Schematic representation of the list of microRNAs that regulate functions of cardiomyocyte hypertrophy,
apoptosis and proliferation. Other microRNAs control pathways related to fibrosis and inflammation.

MicroRNAs also acts upon endothelial cells and smooth muscle cells, which play a role in angiogenesis,

blood vessel growth and smooth muscle cell proliferation.

Figure adopted from Olson E.N. 2014 %
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4.5.2 Role of microRNAs in cardiac remodelling

MiRNAs play a crucial role in cardiac remodelling and represent a promising treatment
strategy for cardiac hypertrophy. % The postnatal heart grows by cardiomyocyte cell
enlargement (hypertrophy) in the absence of cardiomyocyte proliferation (hyperplastic).
97 Cardiac hypertrophy is due to the response from pathological or physiological stress
stimuli in the heart, resulting in increased ventricular wall thickness. Importantly,
pathological hypertrophy significantly increases the risk of heart failure. ® A study
demonstrated that microRNA-1 (miR-1) a muscle specific microRNA has a reduced
expression in patients with cardiac hypertrophy. To test the effect of the miR-1, miR-1
was overexpressed by using microRNA-mimics in adult rat cardiomyocytes that were
exposed to hypertrophic stimuli. ®® Overexpression of miR-1, % in another study also
demonstrated a correlation between miR-1 and miR-133 1% which attenuated
cardiomyocyte hypertrophy, by decreasing the expression of B-MHC (myosin heavy
chain) and cell surface area of rat cardiomyocytes. Similarly, inhibition of miR-1 by using
anti-miR-1 treatment increased the expression of B-MHC and cell surface area of rat

cardiomyocytes suggesting that inhibiting miR-1 induced cardiomyocyte hypertrophy. 9

It has been also shown that miR-133 overexpression is beneficial while inhibition of mir-
133 resulted in increased expression of hypertrophy markers and cell size both in vitro
and in vivo. Therefore, miR-1 and miR-133 may be considered as anti-hypertrophic
miRNAs. MiR-133 levels are also downregulated in human disease states and linked to
myocardial hypertrophy. Therefore, modulation of miR-133 expression may have a
therapeutic clinical potential.'°° In an experimental study investigating miR-199, mice
were subjected to pressure overload in the left ventricle for three weeks to stimulate
hypertrophy. Treatment with anti-miR-199b for three weeks resulted in reduction of
fibrosis and cardiomyocyte hypertrophy with increased cardiac function suggesting that
miRNA-199b is a pro-hypertrophic microRNA.X°1 Taken together, miRNAs can induce
either pro-hypertrophic or anti-hypertrophic pathways that influences cardiac remodelling

associated with hypertrophy. 8

Moreover, miRNAs have also been observed as important regulators of the apoptotic

signalling pathway in cardiomyocytes that renders them highly attractive for

cardioprotective therapy in patients with myocardial infarction. Rane’s research group

showed that knockdown of miR-199a during hypoxia results in an upregulation of pro-

apoptotic genes that trigger apoptosis in myocytes. 192 Another cardioprotective miRNA
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is miR-210. In the infarcted mouse heart, delivery of miR-210 minicircle constructs
increased myocyte survival and neovascularization. 1% In contrast to miR-199a and miR-
210, miR-320a was shown to be a pro-apoptotic miRNA. Silencing of miRNA-320a by the
administration of a miR-320 antagomir resulted in reduced infarct size by de-repression
of the cardioprotective heat-shock protein 20. Consistently over-expression of miR-320
in cardiomyocytes exhibited an increased apoptosis and infarct size in transgenic mice
carrying the miR-320 mouse DNA. % In conclusion, miRNAs are important post-

transcriptional regulators of cellular growth and apoptosis in cardiomyocytes.

4.5.3 Role of microRNAs in cardiomyocyte proliferation

MiRNAs are required for modulation of the proliferative capacity of cardiomyocytes, as
cardiac deletion of enzymes that are involved in the biogenesis and processing of
miRNAs resulted in dilatation of the heart and premature lethality. 195106 Several studies
have shown that artificial inhibition or upregulation of miRNAs improved LV-function after
myocardial infarction.®®> 107114 This miRNA-induced regenerative potential is not only
observed in animals during the neonatal phase,!!® where the cardiac regenerative
potential is preserved,*'> but also in the postnatal/adult phase,* where the regenerative
response is absent. An important modulating role of miRNAs is further supported by the
observation that miRNA-levels change in a spatiotemporal manner during the short phase

where the regenerative cardiac potential is preserved in postnatal murine hearts. °

As an example, miR-195, a member of the miR-15-family, is highly up-regulated in mouse
hearts between day 1 and 10 after birth. Delivery of artificial anti-miRs targeting miR-15-
family members in neonatal mice increased cardiomyocyte proliferation by de-inhibition
of cell cycle genes 119 111 They further investigated the impact of miR-15 on cardiac
regeneration after cardiac injury in postnatal mice. Postnatal myocardial infarction at day
1 resulted in an extensive infarcted area. However, functional recovery was observed at
day 21. 1 Furthermore, pretreatment of adult mice with anti-miR-15 improved cardiac

function after induction of myocardial infarction in adult mice. 112

Another study investigated the miR-302-367 cluster in hearts that suppresses
contributors of the Hippo-signalling pathway. This recently discovered conserved
pathway regulates cardiomyocyte proliferation. 12 Transgenic cardiac or systemic
transient over-expression of the miR-302-367 enhanced cardiomyocyte proliferation and

improved cardiac function in a mouse myocardial infarction model. 112 In recent reports,
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the research group from Giacca performed a high throughput screening using a human
microRNA library, and identified miRNA-mimics (miR-199 and miR-590), as potential
regulators of mouse and rat cardiomyocyte proliferation in vitro. 85 In addition, using a
myocardial infarction model in 8-12 weeks old mice, they generated AAV9 (Adeno
Associated Virus) vectors which express miR-199 or miR-590, and injected these at the
peri-infarct area post myocardial infarction. Post 60 days, administration with one of the
vectors, displayed a significant improvement in the cardiac function in the adult mice. °
In a very recent study, the same group has injected AAV-mediated microRNA mimics
(miR-199 and miR-590) in a pig model, 116 also resulted in functional recovery, post injury

and increased cardiomyocyte proliferation. 116 117

All these studies 6% 108,112, 116 indicate that cell-cycle reentry of cardiomyocytes can be
induced by administration of pro-proliferative miRNAs. Most of these miRNAs modulate
an important conserved signalling pathway, which regulates tissue and organ size,
termed Hippo kinase pathway.!!? 118 119 |n the heart, inhibition of Hippo pathway
augments cardiomyocyte proliferation. Interestingly, Hippo deficiency reverses systolic
heart failure after myocardial infarction.®?® Therefore, targeting this pathway using miRNA
therapeutics is a promising strategy to treat heart failure after myocardial infarction.
Although strong evidence for the use of miRNAs as a regenerative application in murine
cardiomyocytes exists, 6% 107. 112 the support for a miRNA-induced proliferative potential

in human cardiomyocytes is scarce.

Of note, the potential future clinical use of miRNA-therapeutics is supported by a clinical
phase 2 trial that used systemic miRNA delivery to target Hepatitis C virus infection.1?0
MiRNAs are currently also evaluated for clinical use in cardiovascular diseases to

modulate hypertrophy and angiogenesis. 121 122

To address the regenerative potential after miRNA-modulation, in human cardiomyocytes
and to develop a miRNA-therapy for remuscularization of the human heart in patients
after myocardial infarction; we performed functional high-throughput screening in human
iIPSC-derived cardiomyocytes (iPSC-CMs).

4.6 High throughput screening of libraries

High throughput screening (HTS) is performed by using automated equipment systems,
for testing several thousands of samples for biological activity, at the cellular or molecular
level. There are many compound libraries such as antibodies, microRNAs, chemical
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cocktails, small molecules that can be tested for several biological processes. HTS is
performed using different cell culture microtiter plates such as 96-well plates, 384-plates,

and 1536- well formats. 123

HTS plays a significant role in drug discovery and the automated platform enables to
screen and test several plates in a few weeks. However, due to high number of
compounds, there might be false-positive and false-negative readouts from the HTS.
Therefore, for robust results, a maximum number of replicates should be considered to
minimize the errors. The compounds, identified in the main screen are labeled as “Hit

candidates”.

In order to evaluate the efficiency, the hit candidates derived from the main screen are
re-tested in a secondary counter screen. 1?4 HTS permits to assess many compound
libraries, including miRNAs - on their potential to alter biological processes. As miRNAs
are crucial regulating proliferative pathways,%° 66 108, 112, 116, 125, 126 3 mjRNA-targeted
therapy to direct human adult cardiomyocytes to cell cycle re-entry and enhance
proliferation is of high interest. A potential miRNA-based therapy may aid to compensate

for the loss of myocardium after myocardial infarction and ameliorate heart failure.

In the current project, two parallel high-throughput screenings for the identification of pro-
proliferative miRNAs in human cardiomyocytes were performed. As a model system, we
used human iPSC that are differentiated into cardiomyocytes (iPSC-CMs). Ischemia-
reoxygenation was mimicked using a brief period of hypoxia. After individual transfection
of 2019 miR-mimics and anti-miRs using microRNA-libraries, surrogate markers of cell
proliferation were analyzed by high content imaging. Downregulation of more than two
thousand miRNAs using anti-miRs did not result in increased proliferative activity in
human iPSC-CMs.

However, overexpression of 28 miRNAs strongly induced cell-cycle re-entry. Intriguingly,
three of the candidate miIRNAs belong to the primate-specific chromosome 19 miRNA-
cluster (C19MC) and two miRNAs to the adjacent miR-372 cluster. Further analysis
revealed a strong increase in proliferation after overexpression of hsa-miR-515-3p and
hsa-miR-519e-3p in human iPSC-CM, especially under transient hypoxia. These miRNAs
further substantially regulated genes involved in the sarcomeric organization, cell-cycle
activity and cell division as observed in molecular studies and by performing RNA-

seqguencing. Altogether, our data suggests that, the identified miRNAs from the screening
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may represent interesting novel potential therapeutic targets for the treatment of
myocardial infarction and ischemic cardiomyopathy associated with loss of

cardiomyocytes.
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5. AIM OF THE STUDY

In humans, cardiomyocyte (CM) withdrawal from the cell cycle is observed early after
birth. The marginal number of adult CM (<1%) undergoing cell cycle cannot compensate
for myocardial loss after cardiac injury. Despite advances in plethora of cell, device and
drug-based technologies, the previously observed decrease in cardiovascular mortality
has reached a plateau, even in high-income regions. Notably, therapies that may replace
damaged heart muscle through the proliferation of cardiomyocytes harbour a potential to
reduce cardiac mortality. However, no clinical treatment options are currently available to
induce cardiomyocyte proliferation. Thus, it is very important to find potential inducers
that efficiently stimulate cardiomyocyte proliferation and regenerate the heart muscle after
injury. Therefore, the Ph.D. thesis aimed to detect potential microRNAs (miRNAs) that
induce and enhance proliferation of human induced pluripotent stem cell derived
cardiomyocytes (hiPSC-CMs) by performing a functional high-throughput screening and

high-content imaging.

5.1 Project specific aims

AIM 1: Establishing stable cell culture methods and assess lipid based transfection
efficiency and optimizing hypoxia stimulations in human induced pluripotent stem cells
(hiPSC)-derived cardiomyocytes (CM) (hiPSC-CM), a hard-to-transfect cell line.

AIM 2: Efficient transfection of hiPSC-CMs with microRNAs to perform immunostaining

with fluorescent markers indicative for cell proliferation (e.g. DNA synthesis & G2/Mitosis).

AIM 3: Performing high-throughput screening and high-content imaging of human iPSC-
CMs using a human microRNA library, consisting of 2019 microRNA-mimics and 2019
microRNA-Inhibitors.

AIM 4: Validation of positive hit miRNA candidates derived from High Throughput
Screening (HTS) to induce cardiomyocyte proliferation in vitro.

AIM 5: Performing RNA-sequencing by transfecting hit microRNA candidates and to

study relevant microRNA target genes and their role in cardiomyocyte proliferation.
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6. MATERIALS

6.1 Reagents

The reagents used in this study are listed in Table 1
Table 1 Reagents used for cell culture

Reagent or Resource Supplier

RPMI 1640 mit HEPES mit Thermo Fisher Scientific
GlutaMAX

B27 Insulin (Serum Free) (10ml) Thermo Fisher Scientific
(50X)

Geltrex (Growth Factor Reduced) Thermo Fisher Scientific
Trypsin /EDTA (0, 25 %/0, 02 %) Merck Millipore

Stem pro  Accutase cell Thermo Fisher Scientific

Dissociation reagent

Fetal Bovine Serum, SAFC, Sigma-Aldrich
(FBS)

Thiazovivin (2uM final) Merck Millipore
Collagenase CLS-2 (1 gram) Worthington
DMEM/F-12, HEPES (500ml) Thermo Fisher Scientific

RPMI 1640 Medium (ATCC Thermo Fisher Scientific
modification)
Dulbecco’'s phosphate buffer Sigma-Aldrich

Saline

Dimethyl  sulfoxide  (DMSO) Thermo Fisher Scientific
(950ml)

Single- use Syringe 10 ml B. Braun
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Disposable dypoderm needles B. Braun Cat. no. 4657519-02
Sterile Filter 0,2 pm  Carlroth Cat. no. 272-PA49.1
(Spritzenfilter)
Cell Strainer (100um) Corning Cat. no. 352360
Annexin binding buffer BioLegend Cat. no. 42201
Annexin V Pacific Blue BioLegend Cat. no. 640917
Propodium lodide BioLegend Cat. no. 420301

6.2 Microscopes

The microscopes used in this study are listed in Table 2.

Table 2 Microscope details
Microscope Model Supplier
Fluorescence BZ-9000 Keyence
Fluorescence Operetta (High Content Imaging) PerkinElmer
Fluorescence Array Scan XTI( High Content Thermo Fisher

Platform) Scientific
Microscope AE 2000 (Binocular Inverted Motic
Microscope)

Fluorescent Plate Infinite 200pro, F200 (Micro plate Tecan
Reader reader)

6.3 PCR Systems

The PCR systems used in the study are listed in Table 3.

Table 3 PCR systems
PCR Model Supplier
PCR System AB ViiA7 Applied Biosytems
Master Cycler Nexus Eppendorf

29



MATERIALS

6.4 Centrifuges

The centrifuges used in the study are listed in Table 4

Table 4 Centrifuge type, model and supplier

Centrifuge Model Supplier
Table top centrifuge 5424 Eppendorf
Multi stage centrifuge Heraeus IS-R Thermo Fisher Scientific

6.5 Buffers and solutions

List of Buffers and solutions used in this study are listed in Table 5.

Table 5 List of solutions

Solution Formulation

Blocking buffer 10% Horse Serum, 1% BSA, 0, 3% Triton, 1X
PBS

Preparing 100 ml Buffer:

1. 10ml Horse Serum
2. 1 Gram BSA

3. 300pl Triton x100
4. 90ml 1x PBS

Dilution buffer 1% Horse Serum, 1% BSA, 0, 3% Triton, 1X
PBS

Preparing 100 ml Buffer:

1ml Horse Serum
1 Gram BSA
300ul Triton x100
99ml 1x PBS

=

10X SDS-running buffer 1000 ml

130g tris

30



MATERIALS

144g glycine

10g SDS
TBST buffer (10x) 0.5M NaCl

0.5M tris

HClpH 7.5

20g tween20 (after adjusting pH)
Transfer buffer 20mM tris

159mM glycine

20% MeOH
Blocking Buffer (western blot) 5% milk powder in 1XTBST
Wash Buffer 0.1 % BSA in 1XPBS
Paraformaldehyde 4% Paraformaldehyde 4% in PBS [v/v]
PBS-0,1% NP40 PBS with 0.1% Nonidet P40
Permeabilization Buffer PBS with 0.5% Triton-X 100

6.6 Growth Media

List of medium used in this study are listed in Table 6.

Table 6 List of media

Media Application Formulation

Cardio digestion Propagation of hiPSC cells RPME-Glutamax

medium B27 Supplement
10% FBS

Thiazovivin (2uM)
Cardio culture medium | Culturing of cells RPME Glutamax
B27 Supplement
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Cardio selection

medium

Neonatal

cardiomyocyte medium

Cardiomyocyte Pre-

plating medium

Coating medium

Coating medium

Ischemic medium

Selection of pure

cardiomyocytes

Culturing and Isolation from

Neonatal Mouse hearts

Separation of Non-myocytes

harvested from neonatal mice

hearts

Coating for mice
cardiomyocytes

Coating for hiPSC-
cardiomyocytes

Stress trigger for hiPSC-

cardiomyocytes

32

500ml RPMI 1640
without Glucose without
HEPES
2mi Lactate/HEPES
(Stock: 1M)

250mg Albumin, human
recombinant

100mg L-Ascobic Acid 2-
Phosphate
filter to sterilize
DMEM/F-12

medium

Glutamax
supplemeted
with, 1% Pencillin and

Streptomycin.

5% FBS

DMEM/F-12 +GlutaMAX
medium  supplemented
with:

10% [v/v] FBS
1% [v/v] Pen/Strep
2 mM L-Glutamine

0.005 mg/ml Fibronectin

Geltrex (0.15 mg/ml)

1000 ml distilled water
NacCl

KCI

KH2PO4

MgSO4-7H20
CaCl2-2H20

NaHCO3

C3H5Na03

HEPES (C8H18N204S)
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Dissociation medium Dissociation into single cells Collagenase type 2 (400
Units/ 1 ml of RPME
medium)

6.7 Kits

List of kits used in this study are listed in Table 7

Table 7 List of kits

Supplier Catalouge
number
miRNeasy Micro Kit Qiagen Cat. no. 217084
LDH Cytotoxicity assay kit Thermo Fisher Scientific = Cat. no. C20301

Click-IT EdU Cell Proliferation Kit Thermo Fisher Scientific Cat. no. C10637
BCA Protein assay Kit Thermo Fisher Scientific = Cat. no. 23225

High capacity cDNA Reverse Thermo Fisher Scientific Cat. no. 4368814

Transcription kit

TagMan miRNA reverse Thermo Fisher Scientific = Cat. no. 4366596

transcription kit

TagMan miRNA fast advanced Thermo Fisher Scientific Cat. no. 4444557

master mix

4-20% pre cast Protein gels Bio-Rad Cat. no. 4561096

RIPA Lysis Buffer Santa Cruz Cat. no. Sc-
24948A

High capacity cDNA Reverse Thermo Fisher Scientific = Cat. no. 4368814

Transcription kit

6.8 Cells and cell lines

List of cell lines used in this study are listed in Table 8
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Table 8 Cells and cell-lines

Cell line/Cells Specification Supplier

WTD2, Control 1 HiPSC-Cardiomyocyte Priv.-Doz. Dr. rer. nat.
) Katrin Streckful3-Bomeke

4- cell lines

Neonatal Mouse CMs  Mouse Cardiomyocytes Prof. Dr. Felix B. Engel.

6.9 Hit candidate microRNAS

List of cell lines used in this study are listed in Table 9

Table 9 List of selected microRNAs

MicroRNA mMiRNA Sequence

hsa-miR-515-3p GAGUGCCUUCUUUUGGAGCGUU

hsa-miR-519e-3p AAGUGCCUCCUUUUAGAGUGUU

hsa-miR-371a-3p AAGUGCCGCCAUCUUUUGAGUGU

hsa-miR-590-3p UAAUUUUAUGUAUAAGCUAGU

hsa-miR-1825 UCCAGUGCCCUCCUcCUCC

miR-Scrambled Negative Control

(Control)

FAM (Florescent A carboxyfluorescein (FAM™)-labeled RNA
Labeled) oligonucleotide

All stars siRNA (Control) Short Interfering RNA (Method to assess transfection

efficiency)

6.10List of human primers

List of primers used in this study are listed in Table 10

Table 10 List of human primers for gRT-PCR
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Forward primer 5'-3'

Reverse primer 5°'-3'

GGAGCGAGATCCCTCCAAAAT

GAPDH
P21

P27

P57
Cyclin A2
Cyclin B1
Cyclin D2
LATS1
MOB1B

AURORA
B

MYL2
MYL7
MYOM2
MYOM3
NPPA

NPPB

ATGAAATTCACCCCCTTTCC

GGTTAGCGGAGCAATGCG

GGCGATCAAGAAGCTGTCC

TTATTGCTGGAGCTGCCTTT

ACAGGTCTTCTTCTGCAGGG

ATTGAACCATTTGGGATGGA

TCATCAGCAGCGTCTACATCG

GAGAGTTGTCCAGTGATGTCA

GGAGAGTAGCAGTGCCTTGG

TTGGGCGAGTGAACGTGAAAA

GCCCAACGTGGTTCTTCCAA

GCTTTTGCAGAGAAGAATCGTG

TGAAGCCAGTCTTTGCTCGT

CAACGCAGACCTGATGGATTT

TGGAAACGTCCGGGTTACAG

6.11Primary Antibodies

List of Primary antibodies used in staining of cardiomyocytes used in this study are listed

in Table 11

GCAAATGAGCCCCAGCCTTC

CCCTAGGCTGTGCTCACTTC

TCCACAGAACCGGCATTTG

GACATCGCCCGACGACTT

CTCTGGTGGGTTGAGGAGAG

GAACCTGAGCCAGAACCTGA

ATGGTGGTGTCTGCAATGAA

TCCAACCCGCATCATTTCAT

GTCCTGAACCCAAGTCATCA

GAAGTGCCGCGTTAAGATGT

TCCGCTCCCTTAAGTTTCTCC

GCTGAAGGCTTCTTTGAACTCC

CATGCTGACGTACTTGGCCT

ACCTCAGTAGGCTCCCATCT

AGCCCCCGCTTCTTCATTC

CTGATCCGGTCCATCTTCCT

Table 11 List of primary antibodies for immunofluorescence staining’s
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Antibody Company & Catalogue Species Dilution
number

AIM1 BD Biosciences (611083) Mouse 1:250

Anti-sarcomeric alpha Abcam (ab9465) Mouse 1:500

Actinin

Human-Cardiac Troponin T R & D systems (MAB- Mouse 1:500
1874)

Troponin | Abcam (Ab56357) Goat 1:500

Anti-phospho-Histone-H3 Merck Millipore (06-570)  Rabbit 1:500
(Ser10)

List of Primary antibodies used for protein detection in this study are listed in Table 12

Table 12 List of primary antibodies for Western blot

Antibody Company & Catalogue Species Dilution
number

AIM1 BD Biosciences (611083) Mouse  1:250

CDKN1A (P21) ThermoScientific (MA5-  Rabbit 1:1000
14949)

Cyclin A2 Abcam (Ab16726) Mouse  1:500

YAP Cell signaling (CS-4912) Rabbit 1:1000

GAPDH Merck Millipore (Ab2302) Chicken  1:500

6.12Secondary Antibodies

List of Secondary antibodies used in staining of cardiomyocytes used in this study are
listed in Table 13
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Table 13 List of secondary antibodies for immunofluorescence staining’s

Antibody Fluorophore Company

Goat anti-mouse 594 Thermo Fisher Scientific
Goat anti-mouse 488 Thermo Fisher Scientific
Goat anti-rabbit 594 Thermo Fisher Scientific
Goat anti-rabbit 488 Thermo Fisher Scientific
Donkey anti-mouse 594 Thermo Fisher Scientific
Donkey anti-mouse 488 Thermo Fisher Scientific
Donkey anti-rabbit 594 Thermo Fisher Scientific
Donkey anti-rabbit 488 Thermo Fisher Scientific
Donkey anti-goat 594 Thermo Fisher Scientific
Donkey anti-goat 488 Thermo Fisher Scientific

List of Secondary antibodies used for protein detection in this study are listed in Table 14

Table 14 List of secondary antibodies for Western blot

Antibody Company & Catalogue Species Dilution
number

Anti-Rabbit IgG, HRP-Linked Cell signaling (7074) Goat 1:3000

Anti-Mouse IgG, HRP-Linked | Cell signaling (7076) Goat 1:3000

anti-Chicken IgG, HRP- Santa Cruz (sc-2428) Goat 1:5000

Linked
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6.13Computer Softwares

List of software’s used in this study are listed in Table 15

Table 15 List of computer software
Software Application

Microsoft Office Excel, Word, Power Point  Data  Analysis, Interpretation and
Documentation

Image J, Columbus Image Analysis

ThermoScientific HCS Studio, Cell omics Image analysis High content Imaging
Scan Version 6.6.0

KNIME Analytics Platform Data Processing High content screening

Graph Pad 7 Prism Graphical representation of data and
statistical analysis.
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7. METHODS

7.1 Cell Culture-related methods

7.1.1 Generation of human iPSC cardiomyocytes

As a model system, human induced pluripotent stem cell (hiPSC)-derived cardiomyocytes
(CMs) (hiPSC-CM) were used. Generation of hiPSCs and differentiation into
cardiomyocytes were performed in collaboration with the translational stem cell research
group of PD. Dr. K. Streckfuss-Bémeke at Universitdtsmedizin Gottingen. HiPSCs were
generated as previously described. 27 128 Female and male donors were used to
generate cardiomyocytes, with two different reprogramming based approaches. Two
female hiPSC lines were generated with an episomal plasmid based transduction. One
female and one male hiPSC line was reprogrammed with the STEMCCA system, which
is a humanized excisable lentiviral system containing all four reprogramming factors
OCT4, SOX2, KLF4, and c-MYC in a single “stem cell cassette”(pHAGE2-EFlaFull-
hOct4-F2A-hKIf4-IRES-hSox2-P2A-hcMyc-W-loxP). The pluripotent clones were
expanded up to passage 8. The established iPSCs were proven for their pluripotency by
both in vitro studies - the expression of pluripotency markers and differentiation

experiments - and in vivo teratoma formation assay.

7.1.2 Human iPSC-cardiomyocytes selection and culture

Post differentiation, cardiac culture medium (RPME 1640 with Glutamax and HEPES,
B27 supplement) was aspirated and replaced with cardio selection medium (RPMI 1640
without Glucose, Lactate/HEPES, hAlbumin, human recombinant 100mg L-Ascorbic Acid
2-Phosphate). The medium was exchanged every second day. Post selection, the
medium was replaced with cardio culture medium. The IPSCs were effectively
differentiated and selected in vitro into > 95% pure cardiomyocytes by using the

established technologies.

7.1.3 Splitting of human iPSC-cardiomyocytes

HiIPSCs were cultured in T25 flasks. Splitting was performed in 30 to 40 days old
cardiomyocytes. Cell detachment was performed using 0.25% trypsin, 0.02% EDTA and
Stempro accutase, followed by collagenase diluted in RPME 1640 for cell dissociation.

Later, the cells were passed through a 100um (Micro Meter) cell strainer and counted
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with a hemocytometer. Cells were mixed very gently and the mixture was passed through
a 100um cell strainer, thereafter counted with a hemocytometer and seeded into cell

culture plates.

7.1.4 MiRNA and siRNA transfection of human iPSC-CMs

Lipid based transfection reagent was used for transfection of microRNAs using a standard
forward transfection protocol. Medium was replaced with fresh cardio culture medium 24
hours post transfection. 48 hours post transfection; hiPSC-CMs were exposed to hypoxia
(0.5% oxygen, 5% CO2) for 2 hours. 50 hours post transfection, medium was exchanged
to cardio culture medium containing EdU, or hiPSC-CMs were fixed and stained with H3P
and further proceeded for immunocytochemistry. Assessment of FAM-mIR transfected
hiPSC-CM was performed 24 hours post transfection using fluorescent imaging or
fluorescence activated cell sorting (FACS). For FACS analysis, cells were briefly washed
in PBS, trypsinized, and the detached cells were resuspended with freshly mixed staining
solution (100-pl Annexin-biding buffer for each sample). The mix was carefully vortexed
and measured immediately at an attune flow cytometer. All stars siRNA-cell death control
(Qiagen) was used to observe a cell death phenotype in hiPSC-CM 48 hours post

transfection.

7.1.5 Functional high-throughput screening in human iPSC-CMs

Human iPSC-CMs were seeded in 384-well plates (Falcon), coated with Geltrex that was
aspirated prior to the cell seeding. A washer dispenser (BioTeK EL406) with an
automated liquid handling was used to dispense the cells, and to perform medium
exchange, washer dispenser was placed in a laminar flow work cabinet to avoid
contamination. A high-throughput (HT) screening by using a miRNA-library (Ambion;
mirVana Human Library v19.0; 2019 miR-mimics and miR-inhibitors) was performed in
two parallel screenings. For the HT screen, a forward transfection protocol was used.
Human iPSC-CMs were plated into Geltrex coated 384-well plates (BD Falcon). Each
individual miRNA of the library (miR-mimic or miR-inhibitor, 60nM) was robotically
transferred using a Freedom EVO liquid handling workstation (Tecan) after complexing
with the transfection reagent. The mixture was slowly added drop by drop. MiRNA
transfected hiPSC-CMs were incubated for 24 hours at 37 °C in 5% CO2. Medium
exchange was performed by a robotic dispenser after 24 hours. 48 hours post
transfection; hiPSC-CMs were exposed to hypoxia (0.5% oxygen, 5% CO2) for 2 hours.
Thereatfter, cells were replaced with cardio culture medium containing EdU and incubated
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for 48 hours. Three days post transfection; cells were fixed and processed for

immunofluorescence analysis (Figure. 7).

B

— 1 human iPSCs derived Step 1
“ cardomyocyles (PSC-CM) Cell seeding
human iPSCs % and Medium

Seeding of hiPSC-CM
A in 384 well plates EXChange
MicroRNA Mimics and MicroRNA Inhibitors Library
Anti-miRs % mﬂs
% Step 2
iR iics "’),}m Mixin
oh |#™=~ Forward Transfection ey g
Human-iPSC-CMs High ing MicroRNA
48h |#™N Transient Hypoxia Transfection of hiPSC-CM by using a miRNA-library Library with
= ‘ Culturing for 3-4 days Transfcetion
~ Reagent
Immunostaining of cells with markers
“ indicative of mitosis/cytokinesis
‘ Fluorescent labelling of markers

§ Step 3

e 3 Transfecting
- MicroRNA
Library in
High-content imaging: cardlomyothes'
Detection of miRNAs enhancing proliferation in hiPSC-CM

Figure 7: High Throughput screening workflow in hiPSC-CMs

Figure 7A: Graphical illustration of the high-throughput (HT) screening workflow. Figure 7B: hiPSC-
Cardiomyocytes were seeded in 384 well formats suitable for screening, MicroRNA-mimics and Anti-miRs
were transfected using robotic-based platform, 3 to 4 days post transfection cells were fixed and processed
for immunofluorescence staining. Figure 7C: Series of Steps involved in usage of Robotic platforms in

HTS, based screening.
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7.1.6 High content imaging in human iPSC-CMs

Human iIPSC-CMs were fixed and stained. The immunofluorescence imaging was
performed by ArrayScan XTI High Content Screening Platform (ThermoScientific). 20X
magnification objective was used, with a camera mode of 1104x1104 Pixel. Three
imaging channels were used: channel 1 was represented as Hoechst (Nucleus marker),
channel 2 as Troponin T (Cardiac specific Marker), and channel 3 as EdU (Marker for
DNA synthesis). 36 individual images from each channel were obtained from a single well

of 384 well plate, approximately covering the entire area of a well.

7.1.7 Image analysis of human iPSC-CMs

ThermoScientific HCS Studio Cellomics Scan Version 6.6.0 was used to analyze the
images acquired from the ArrayScan XTI High Content Screening Platform. Object
identification and selection parameters are mentioned below. The first parameter was to
identify the cell objects, where the primary object was selected as channel 1 (Nuclei), and
channel 3 (EdU) for identification of DNA synthesis in the nuclei. Primary Object
Identification Mask (Region of Interest = ROI) from channel 1 (Nuclei) was carried over
to channel 3 without modification. EdU-positive nuclei/cells were selected based on the
average intensity in the ROI being >2000. Object selection was based on channel 1 and
channel 3, as human IPSC-CMs were positive for channel 2 (cardiomyocyte-specific
marker). The two used criteria for image output was 1) number of valid objects from nuclei
per well and 2) % of EdU-positive objects per well (related to the number of valid objects

(nuclei)).

Object Identification
Method IsodataThreshold

Value -0.6
Object Selection Parameter Min Max
ObjectAreaCh1 100.92 4048.77

ObjectShapeP2ACh1 0.1 2.5

ObjectShapeLWRCh1 0.1 3.01
ObjectAvgintenCh1 0 16380
ObjectVarintenCh1 0 32767

ObjectTotallntenCh1 0 1000000000000

7.1.8 Data Processing (Z-score)
Once the required imaging analysis was obtained, the data was processed using the

KNIME analytics platform (KNIME). Z-score is represented as standard deviations from
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being above or below the mean of data points. Negative or below a Z-score represents
that the acquired data is below the mean average and positive or above a Z-score
represents that the acquired data is above the mean average of the data. For plate-wise
normalization, the Z-Score for each miRNA on the plate was calculated from the % of
EdU-positive nuclei using robust statics (Median and MAD (Median Absolute deviation))

as follows:
x.zscore = (X — median(x [subset]))/mad(x [subset]). 124

Where x is the % of EdU-positive nuclei in the well, median(x [subset]) is the median from
all candidate wells in the plate and mad(x [subset]) the median absolute deviation of all
candidate wells in the plate. The mean for the results from the two replicates then was
calculated using the following formula: ($Z-Score R1$+$Z-Score R2$)/2 and used for the

final candidate ranking.

7.1.9 EdU cell proliferation assay in human iPSC-CM

Human iPSC-CM or mouse cardiomyocytes were seeded in 96 or 384 well plates and
transfected with either scrambled-miR or miR-mimic-515-3p or miR-mimic-519e-3p or
miR-mimic-371. Medium exchange was performed 24 hours post transfection. EAU (5-
Ethynyl-2'-deoxyuridine) was diluted in fresh medium and added to the cells for 48 hours
to 72 hours. The cells were then fixed and stained with Click-it Plus EdU proliferation Kit,

according to manufacturer protocols.

7.1.10 Lactate dehydrogenase (LDH) cytotoxicity assay

LDH assay was performed with the LDH assay kit (Pierce) according to the manufacturer
protocols. LDH is a cytosolic enzyme present in many cells. Upon damage to the plasma
membrane in a cell, LDH is released into the medium. This allows to measure treatment-
induced cytotoxic effects. Cells were plated in 96 or 384-well plates and transfected with
either scrambled-miRNA or miRNAs with several concentrations ranging from 20nM to
100 nM to assess toxicity. 24 hours post transfection, medium was carefully collected and
placed in a 384 well plate. LDH start reagent was added onto the cells and incubated for
a period of 30 minutes. Thereafter, LDH assay stop solution was added to stop the
reaction. Tecan fluorescent plate reader at 490nm and 690nm absorbance was used for

measurements.
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7.1.11 Isolation and culture of neonatal cardiomyocytes from mouse
hearts using MACs cardio isolation procedure
The experiments were performed as a part of collaboration with Prof. Dr. Felix B Engel,
from the group of Experimental Renal and Cardiovascular Research, University Hospital
Erlangen, Department of Nephropathology, Erlangen, Germany. Pregnant mice
((C57BL/6) were ordered from Charles River Laboratories. This mouse strain is widely
used for its high degree of uniformity in response to the experimental treatments. The
experiments have been performed under the license number TS-9/2016 Nephropatho.
“The investigation conforms with the guidelines from Directive 2010/63/EU of the
European Parliament on the protection of animals used for scientific purposes. Extraction
of organs and preparation of primary cell cultures were approved by the local Animal
Ethics Committee in accordance to governmental and international guidelines on animal

experimentation (protocol TS-9/2016 Nephropatho).

Mice were decapitated at postnatal day 3 (P3), the chest was opened, and hearts were
removed with a curved forceps. Isolated hearts (10 to 20) were placed in a Petri dish
containing PBS without Ca2+ and Mg2+ with 50 pl 2M D-Glucose on ice. Using a scalpel
blade, the aorta and atria were removed. The ventricles were placed on a dry Petri dish
and were minced as small as possible using a scalpel blade. The minced heart tissue
was transferred to a c-tube (up to 20 hearts in 1 tube), containing 5 ml of enzyme mix.
For the isolation of cardiomyocytes, minced hearts were digested using gentleMACS
Octo Dissociator (Miltenyi Biotech) according to the manufacturer’s instruction. For
cardiomyocyte enrichment, cells were incubated with pre-plating medium (DMEM/F-12
+GlutaMAX; supplemented with: 10% [v/v] FBS 1% [v/v] Pen/Strep 2 mM L-Glutamine).
After 90 minutes, the non-attached, enriched P3 cardiomyocytes were collected in 50 ml
falcon tubes. After centrifugation, cells were resuspended in neonatal culture medium
(DMEM/F-12 Glutamax medium supplemented with, 1% Penicillin and Streptomycin and
5% FBS, 2% Horse serum (HS)), counted using hemocytometer and plated at appropriate
density. After 24 hours, medium was replaced with fresh neonatal culture medium and

cells were used for transfections.

Reagent or Kit Company Catalogue
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gentleMACS Octo Dissociator Macs Miltenyi Biotech  130-095-937

Red blood cell lysis solution Macs Miltenyi Biotech = 130-094-183
(10x)

GentleMACS M Tubes Macs Miltenyi Biotech  130-093-236
Neonatal heart dissociation Macs Miltenyi Biotech = 130-098-373
Kit

MACS BSA Stock Solution Macs Miltenyi Biotech  130-091-376
MACS Rinsing Solution Macs Miltenyi Biotech = 130-091-222

Table 16 List of Reagents and kits for neonatal mouse cardiomyocytes.

7.1.12 Transfection of microRNAs in neonatal mouse cardiomyocytes
For transfection experiments, 96 well plates were pre-coated with fibronectin.
Lipofectamine RNAIMAX was used to transfect P3 mouse cardiomyocytes, according to
the manufacturer protocols. The transfection reagent was mixed together with microRNA
and reduced serum medium (Opti-MEM) and mixture was slowly added dropwise to the
cells. Medium exchange was performed 24 hours post transfection followed by incubation
with EdU or staining with H3P.

7.1.13 Immunocytochemistry

Cardiomyocytes were fixed with 3.7% formaldehyde (Sigma) at RT for 15 min. Cells were
washed three times with PBS and permeabilized, with 0.5 % Triton X-100 in PBS for 20
min and washed three times in PBS. The cells were blocked for 1 hour at RT with blocking
buffer (10% Horse serum, 1 % BSA, 0.3 % Triton) in PBS and incubated with primary
antibodies in dilution buffer (1x PBS, 1% BSA, 1% Donkey or horse serum, 0, 3% Triton)
overnight at 4 °C. Subsequently, cells were washed three times with 0.1 % Nonidet P40
in PBS, and incubated with corresponding secondary antibodies conjugated with Alexa
Fluor 488/ 594 (1:500 Life technologies) for 1 hour at RT. Cells were thereafter washed
three times with 0.1% BSA.

EdU incorporation assay was performed by incubating cells with Click it reaction mix
cocktail kit, according to manufacturer protocols (Life Technologies, Invitrogen C10637,
C10337) for 30 min. The cells were washed three times with 0.1% BSA in PBS, followed
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by incubation with respective secondary antibodies for 1 hour at RT. Cells were thereafter

incubated with Hoechst and washed three times with PBS.

7.1.14 Coating of plates
For human iPSC-CMs, plates were coated with Geltrex diluted in DMEM/F12 medium for
2 h at 37 °C. Cells were seeded immediately after aspiration of the coating medium. For

neonatal mouse cardiomyocytes, plates were coated with fibronectin.
7.2 RNA-related methods

7.2.1 RNA extraction from hiPSC-CM

Total RNA was isolated from human iPSC-CMs using the RNeasy Kit (Qiagen). Kits were
used according to the manufacturer instructions. Human iPSC-CM were seeded and
transfected in 24- or 48-well cell culture plates. 48 hours and 72 hours post miRNA-
transfection, cell culture medium was aspirated and cells were washed three times with
sterile DPBS. DPBS was aspirated, QIAzol lysis reagent (350 to 700 ul) was added onto
cells and incubated for 5 minutes at RT. The resulting cell lysates were collected in 1.5
ml nuclease free reaction tubes (Eppendorf). MiRNeasy RNA extraction kit (Qiagen) was
used to isolate the RNA according to the manufacturer instructions. The RNA
concentration was measured using Nano drop at 260/280 nm. The isolated RNA was
dissolved in 14 ul of RNAse-free water and stored at -80 °C or continued for reverse

transcription.

7.2.2 Reverse Transcription (cDNA Synthesis)

Isolated RNA was used for reverse transcription of mRNA into complementary DNA
(cDNA) by using the enzyme reverse transcriptase. A concentration of 1 ug RNA was
used for cDNA synthesis. High-capacity cDNA reverse transcription kit (Table 5) was

used according to the manufacturer instructions.

The following reaction mix for cDNA synthesis by reverse transcription was listed
in Table 17

Ingredients Volume (ul)

10X RT Buffer 2

25XdNTP Mix (100 mM) 0.8

46



METHODS

10X RT Random Primers 2
RNAse Inhibitor (20 U/uL) 0.5
Reverse transcriptase enzyme (50 U/uL) 1

Table 17 Reaction mix for cDNA synthesis

The reaction mix was performed in the thermal cycler by using the following program

according to High-Capacity cDNA kit was listen in Table 18 .
Step 1 Step 2 Step 3 Step 4

Temperature (°C) 25 37 85 4
Time 10 min 120 min 5 min 0

Table 18 Thermal cycler program (cDNA)

7.2.3 Quantitative Real-Time PCR (qRT-PCR)

cDNA was generated as described in section 7.2.1 and 7.2.2. Syber green detection
method was used for performing qRT-PCR. The gRT-PCR was performed in 384 well
plates and was analyzed by Viia 7 real-time PCR system (Applied Biosystems). The

following reaction mix and primers were used to prepare one well in a 384 well plate.

Reaction mix for gqRT-PCR. Triplicates were pippeted for each sample in the 384 well
plates, details are listed in Table 19. The following program was used according to the

manufacturer instructions.

Components Volume (pl)
SYBR Green 5ul

Forward Primer (1.5 pM) 0.5

Reverse Primer (1.5 pM) 0.5

Nuclease free H20 2

cDNA 2
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Table 19 Components for performing qRT-PCR

Cycles (40 cycles)

Denature Annealing

Temperature 95.0 °C 95.0 °C 60.0 °C

Time 10 min 15 sec 1 min

Table 20 Thermal cycler program (QRT-PCR)

The changes in the gene expression were analyzed by the relative quantification of mean
Ct value of a housekeeping gene (GAPDH) which served as a normalizing control. Using

the reference gene, the relative expression of cDNA was calculated by 2-AACT method.

7.2.4 Quantification of miRNA by TagMan microRNA assays (RT-PCR)
MIRNA-mimics (hsa-miR-1825) and MiR-inhibitor (hsa-miR-195-5p) were transfected in
24- or 48-well cell culture plates. 48 hours post transfection, cells were collected for RNA
isolation as mentioned above. TagMan MicroRNA reverse transcription kit was used to
perform reverse transcription and miRNA gRT-PCR. The master mix (1x) was prepared
by mixing the following components provided in the kit. The details of kits were described
above (Table 7).

Components Volume (ul)/reaction

100 mM dNTPs 0.075

MultiScribe™ reverse transcriptase, 50 0.5

U/uL

10x reverse transcription buffer 0.75
RNase inhibitor, 20 U/uL 0.095
Nuclease-free water 2,08

Table 21 Composition of RT-PCR master mix
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To this master mix, 3 pl of 5x RT primer provided in the TagMan MicroRNA assay and 5
pl of 2ng RNA were added. All the components were gently mixed and centrifuged. RT

master mix was kept on ice until the PCR reaction was prepared.

The reverse transcription PCR was programmed on a thermal cycler setting up the

following parameters.

Stepl  Step2  Step3  Step 4

Temperature (°C) 16 42 84 4
Time 30 min 30 min 5 min o0

Table 22 Program for RT-PCR

7.2.5 qRT-PCR of miRNAs
gRT-PCR was performed in 384-well format using ViiA 7 System (Applied Biosystems).
TagMan MicroRNA fast advanced master mix and TagMan microRNAs primers were

used (Table 5). RNU-48 was used as an endogenous control for normalizing.

The components constituting a 10-pl reaction/well consist of the following components

Components Volume (pl)/reaction well

TagMan® Fast Advanced Master Mix 5

Nuclease-free water 3.75
TagMan® MicroRNA assay 0.5
cDNA template 0.75

Table 23 Composition of qRT-PCR master mix

All the samples were loaded in triplicates in the 384-well plate including the endogenous
controls. Null-template controls were used to verify the contaminations and accuracy of
the PCR. The 384-well plate was briefly centrifuged, sealed with an adhesive film and

loaded into the instrument.
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The experiment was set up in the ViiA 7 with the following parameters:

Hold Cycles (40 cycles)

Denature Annealing

Temperature 50 °C 95 °C 95.0 °C 60.0 °C
Time 2 min 2 min 1sec 20 sec

Table 24 Program to perform qRT-PCR by fast advanced master mix.

7.2.5.1 TagMan MicroRNA Primers

MicroRNA Primers Company
hsa-miR-195-5p Thermo Fisher Scientific
hsa-miR-1825 Thermo Fisher Scientific

RNUA48 (Internal Control)  Thermo Fisher Scientific

Table 25 List of TagMan miRNA primers and controls.

7.2.6 RNA-sequencing

MiRNA-scrambled, hsa-miR-mimic-515-3p and hsa-miR-mimic-519e-3p  were
transfected into human iPSC-CM as described above. 72 hours post transfections, cells
were washed with DPBS three times. Thereafter QIAzol (Qiagen- MiRNeasy RNA
extraction) was added. Resulting lysates were collected in 1.5 ml nuclease free reaction
tubes (Eppendorf). RNA Sequencing and analysis was performed by ArrayStar
(Arraystar, Inc., USA). The RNA concentration was measured using Nano drop at
260/280 nm. As previously described by the methodology from Array star, 1~2 ug of total
RNA was used to prepare the sequencing library. Briefly, mMRNA was isolated from total
RNA using mRNA magnetic isolation module. Alternatively, rRNA is removed from the
total RNA with a RiboZero Magnetic Gold Kit. Later, the enriched mRNA or rRNA depleted
RNA was used for RNA-seq library preparation, using KAPA Stranded RNA-Seq Library
Prep Kit (Illumina). Which incorporates dUTP into the second cDNA strand and renders
the RNA-seq library strand-specific. The completed libraries were qualified with Agilent
2100 Bioanalyzer and quantified by absolute quantification gPCR method. To sequence
the libraries on the Illlumina HiSeq 4000 instrument, the barcoded libraries were mixed,
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denatured to single stranded DNA in NaOH, captured on Illumina flow cell, amplified in
situ, and subsequently sequenced for 150 cycles for both ends on Illumina HiSeq

instrument.

7.2.7 Image Analysis and data processing

Image analysis and base calling was performed using the Solexa pipeline v1.8 (Off-Line
Base Caller software, v1.8). Sequence quality was examined using the FastQC software.
The trimmed reads (trimmed 5’, 3’-adaptor bases using cutadapt) were aligned to
reference genome using Hisat2 software (v2.0.4).1%° The transcript abundances for each
sample was estimated with StringTie 30 (v1.2.3), and the FPKM 13! value for gene and
transcript level were calculated with R package Ballgown (v2.6.0).1%2 The differentially
expressed genes and transcripts were filtered using R package Ballgown. The novel
genes and transcripts were predicted from assembled results by comparing to the
reference annotation using StringTie and Ballgown. Principle Component Analysis (PCA)
and correlation analysis were based on gene expression level, Hierarchical Clustering,
Gene Ontology, Pathway analysis, scatter plots and volcano plots were performed with
the differentially expressed genes in R, Python or shell environment for statistical

computing and graphics.

7.3 Protein related methods

7.3.1 Protein Isolation

Human iPSC-CMs were cultured on 6-well cell culture plates (400,000 cell/well) and
transfected with individual miRNAs. The medium was aspirated and the cells washed
three times with DPBS. RIPA (Radioimmunoprecipitation) lysis buffer (1 ml) was freshly
mixed with 15 pl Phosphatase Inhibitor, 10 pl Sodium Orthovanadate and 10 pl PMSF
(Protease Inhibitor-phenylmethylsulfonyl fluoride). Freshly mixed cocktail (100 pl/well)
was added onto the cells. After incubation for 5 minutes on ice, the cells were scraped
with cell scrapers and the cell lysates were collected in 1.5 ml Eppendorf tubes. Cell
lysates were centrifuged at 13000 rpm for 20 minutes at 4°C. The supernatants from each
tube was collected and the pellet was discarded. BCA protein assay kit (Pierce) was used
to determine the concentration of protein. 10 pl of standards and cell lysates were loaded
in duplicates in 96-well plates. 100 pl of BCA protein assay mix reagents A and B were
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prepared in a ratio of 50:1, vortexed and loaded on to the 10 pl standards and cell lysates.
After incubation for 30 minutes at 37°C, protein concentration was assessed

photospectroscopically at 562 nm. Protein lysates were stored at -80°C until use.

7.3.2 Immunoblotting (SDS-PAGE)

4-20% Pre cast protein gels (Bio-Rad) with 15 well combs were used for the separation
of proteins according to their electrophoretic mobility. Loading dye was mixed with the
protein samples. The samples were heated up to 95°C for 10 minutes. The gels were
placed in the gel running modules. 1X SDS running buffer was added into the apparatus.
Equal amount of the denatured protein samples was loaded into the gels. A protein ladder
was loaded on either corner of the gels, which gives the corresponding bands to a
particular molecular weight on the gels while running. The apparatus was closed and was

set to run at 30 mA current and constant voltage.

7.3.3 Western blotting

A western blot apparatus was used to transfer the proteins from SDS-polyacrylamide gel
onto a polyvinylidene difluoride (PVDF) membrane. The membrane was activated using
100% methanol for 1 minute, washed twice with ddH20 and placed in transfer buffer.

Thereatfter, the pre cast gel was taken out very carefully from the apparatus.

The stacking gel was separated from the resolving gel and discarded. Resolving gel was
taken for the protein transfer. Whatmann filter papers were soaked in semidry transfer
buffer. The filter papers, membrane, and gel was arranged in semidry transfer apparatus.
The transfer was performed for 90 min at a current and constant voltage of 70 mA for 1
gel and 140 mA for 2 gels. The membrane was washed for 10 min in TBST and blocked
for 1 h in 5% BSA/TBST at room temperature with mild shaking. Subsequently, the
membrane was later incubated in the primary antibody solution overnight at 4°C. The
membrane was later washed three times in TBST, transferred into a new 50 ml tube
containing secondary antibody solution and incubated for 1h at room temperature. The
membrane was washed three times with TBST, transferred onto a thin polythne foil, and
placed on an even surface. The chemiluminescent substrate Supersignal westDura
Extended solution was prepared by mixing both solutions in 1:1 ratio and added on to the
membrane and incubated for about 5 minutes. The solution was taken out and the
membrane was developed under chemiluminesence to detect the antibody labeled
protein (INTAS Detection System).
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7.4 Image quantification
For immunofluorescence analysis, imaging was acquired using ArrayScan XTI High
Content Screening platform (Thermo fisher scientific) or with Operetta CLS High-Content

Analysis System (PerkinElmer).

For 384-well plate 36 images and for 96-well plate, 64 images per well from all three
channels were acquired, Cell nuclei and EdU/H3P-intensities were quantified using
Cellomics Scan Version 6.6.0. For the HTS (Figure 10) 384-well plate, for mimic-screen
per replicate > 3000 Cardiomyocytes (CMs) nuclei positive for Cardiac TroponinT and for
inhibitor-screen, per replicate > 2500 CMs nuclei positive for Cardiac TroponinT were
analyzed. For follow up experiments (Figure 9, 11-14, & 17), 96-well plates were used

per replicate, > 8000 CMs nuclei positive for Cardiac TroponinT were analyzed.
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8. RESULTS

8.1 Generation and transfection of human induced pluripotent stem

cell-derived cardiomyocytes (hiPSC-CMs)

As a model system, human cardiomyocytes (hiPSC-CM) generated from skin fibroblasts
of healthy probands were used (Figure. 8A). HIPSC-CMs were used for experiments
after 30 to 40 days in culture. We established a liposome-based transient transfection
method to efficiently transfect miRNAs into hiPSC-CM (Figure. 8B-D). First, fluorescent-
labeled miRNAs (FAM-miR) were transfected into hiPSC-CM (Figure. 8B) showing a high
incorporation. FAM-microRNA transfected hiPSC-CMs further underwent FACS-analysis
that confirmed efficient transfection (Figure. 8C-D). Furthermore, transfection with death
inducing silencing RNAs (siRNAs) resulted in reduced survival of hiPSC-CMs. These are
potent siRNAs ubiquitously target genes that are indispensable for cell survival;
knockdown of these genes induces a high degree of cell death, which is visible by light
microscopy. This method is widely used to quickly assess the transfection efficiency
(Figure. 8E).
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Figure 8: Efficient generation and transfection of human iPSC-derived
cardiomyocytes.

Figure 8A: Immunofluorescence images showing Hoechst (blue, nuclei), cardiac troponin T (red) positive
hiPSC-CMs. Figure 8B: Representative images of mock-transfected (upper image) and fluorescently
labeled pre-miRNA (FAM-miR) transfected hiPSC-CMs at 24 hours post transfection (30nM, middle; 60
nM, lower image). Figure 8C: Shown are representative flow cytometry plots, Fluorescence-activated cell
sorting (FACS), was utilized and samples were gated for side scatter (SSC) versus FITC (Attune channel
BL1; Excitation: Blue laser 488nm, Emission filter (nm): 530/30 nm). Left image, hiPSC-CMs were
transfected with FAM-miR (Fluorescent labelled microRNA) without any Transfection reagent (TR),
whereas right image depicts hiPSC-CMs transfected with TR and FAM-miR; only in the presence of TR,
there is an efficient increase of FAM-miR expression in the cells shown as FITC-positive cells. Human
iPSC-CMs transfected with fluorescently labeled FAM-miR were analyzed using fluorescence-activated cell
sorting (FACS) 24 hours after transfection. Figure 8D: shown are the percentage of cells, which are positive
for fluorescently labelled microRNA analyzed by FACS analysis (n=3); ***; P < 0.001 vs. Control. Figure
8E: Representative images of human iPSC-CMs after mock-transfection (top) and transfection with cell
death-inducing siRNAs (bottom) showing a high induction of a cell-death phenotype at 48 hours post
transfection, Cardiomyocyte specific marker was used, Cardiac troponin T (red), Hoechst (blue, nuclei).

Scale bar: A, B: 50 ym. E: 500 pm
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Statistical Analysis for Figure 8D:
Bars represent average of three biological experiments; data analysis conducted using Graph pad 7
software. Student’s t-test, two-tailed was used for the analysis. Values are presented as mean + s.e.m.

***P <0.001 relative to Control. A value of P < 0.05 was considered as statistically significant.

8.2 Transient hypoxia enhances proliferative activity in hiPSC-

cardiomyocytes after transfection with miRNAs

Once we were able to transfect the cells, we later used miR-1825, a miRNA previously
reported to induce proliferation in murine cardiomyocytes, 6° to test proliferative capacity
in human iIPSC-CMs (Figure. 9). In order to first verify the overexpression or
downregulation of microRNA in hiPSC-CMs, we transfected microRNA-mimic-1825 and
anti-miR-195, respectively, and performed microRNA-gRT-PCR, which showed
significant increase of miR-1825 abundance after overexpression (Figure. 9A) and
downregulation of endogenous miR-195. MiRNA-195 belongs to mir-15 family and
inhibition of anti-miR-195 is known to stimulate cardiomyocyte proliferation, 11 this was
used to evaluate the transfection and downregulation after anti-miR-195 treatment in
hiPSC-CMs as a positive control (Figure. 9B). Transfection with miR-1825-mimic
increased DNA synthesis assessed by incorporation of 5-Ethynyl-2-deoxyuridin (EdU) in
a dose dependent manner (Figure. 9C-D). Immunocytochemistry was performed and the
representative immunofluorescence images show the increase in EdU positive hiPSC-
CMs after transfection with miR-mimic-1825 (60nM) (Figure. 9D). Furthermore, a
protocol that mimics ischemia/reperfusion in hiPSC-CMs in vitro by using transient
hypoxia, resulted in increased cell-cycle reentry after miR-1825 mimic transfection, but
failed to do so after miR-scrambled transfection (Figure. 9F). Of note, transfection of miR-
1825-mimic did not enhance toxicity in hiPSC-CMs, as assessed by LDH release (Figure.
9E).
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Figure 9: Transient hypoxia increases miRNA-induced proliferative potential in
human iPSC-cardiomyocytes

Figure 9A: MiRNA-expression in hiPSC-CMs after transfection with 2A) miR-mimic-1825 2B) anti-
miR-195. (n=3); **; P < 0.01 vs. Mock Transfection.

Figure 9C: Incorporation of EdU in hiPSC-CMs treated with transfection reagent (Mock 4.07% +0.5 %) and
after transfection with miRNA-scrambled (4.4% +0.8%), miR-mimic-1825 ((30nM) (6.4% +0.5%) and miR-
mimic-1825 (60nM) (8.3% +0.3%). (n=3); **; P < 0.01 vs. Mock or miR-scrambled. (Mock vs. miR-mimic-
1825(60nM) P = 0.005); (miR-scrambled vs. miR-mimic-1825(60nM) P= 0.003).

Figure 9D: Representative immunofluorescence images of EdU-uptake in mock transfected hiPSC-CMs
and after transfection with miRNA-scrambled, miR-mimic-1825 (30nM and 60nM)). Hoechst (blue, nuclei),

cardiac troponin T (red) and EdU (green). Scale bar: 50 pym.

Figure 9E: Lactate dehydrogenase (LDH) release of hiPSC-CMs after transfection with miR-scrambled

and miR-mimic-1825 (60nM). Supernatants were collected 24 hours post transfection. (n=3).
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Figure 9F: Incorporation of EdU in hiPSC-CMs transfected with miR-scrambled- Normoxia (2.03% 0.5
%), Hypoxia 2h (2.29% +0.4 %), Hypoxia 4h (0.16% %0.08 %) or miR-mimic-1825 under Normoxia (4.69%
0.3 %), or after transient hypoxia for two hours (7.21% +0.2 %) and four hours (5.9% *0.5 %). EdU-positive
hiPSC-CMs were assessed 96 hours post transfection. *, miR-scrambled vs. miR-mimic-1825; #, miR-
mimic-1825 normoxia vs hypoxia (n=3). *; #; P < 0.05, **; P < 0.01; ***; P < 0.001. (MiR-scrambled VS.
miR-mimic-1825: Normoxia P = 0.012; Hypoxia (2h) P=0.0012; Hypoxia (4h) P=0.0009).

Statistical Analysis for Figure 9:

Bars represent average of three biological experiments; data analysis conducted using Graph pad 7
software. For 9A, 9B, 9E Student unpaired t test (Mann-Whitney test). For 9C, one-way ANOVA using
Tukey and for 9F, two-way ANOVA using Bonferroni’s multiple comparisons test was used for the analysis.
Values are presented as mean + s.e.m. *P <0.05, **P <0.01, ***P <0.001 relative to Control. A value of P

< 0.05 was considered as statistically significant.

8.3 High throughput screening of human microRNAs

We next performed a high-throughput screening (HTS) by using a miRNA-library
consisting of 2019 miR-mimics and miR-inhibitors (Ambion; mirVana Human Library
v19.0) in parallel screenings (Figure. 10). For the high-throughput screening, each
miRNA of the library (miR-mimic or miR-inhibitor) was robotically transferred to a 384-
wells pre-plated with hiPSC-CMs. Individual forward transfection of miRNAs was
performed with the established protocol and human iPSC-CMs were transiently exposed
to hypoxia. Using a high-content imaging system, image segmentation was performed in
order to detect proliferating cardiomyocytes by using Hoechst for nuclei staining and

troponin as a cardiomyocyte specific marker (Figure. 10A-B).

8.4 Selective overexpression, but not downregulation of miRNAs
induces proliferative activity in human iPSC-CMs as assessed by
HTS

Proliferation of miRNA-transfected human iPSC-CMs was assessed by EdU (Figure.
10A-B). Downregulation of 2019 miRNAs yielded only two miRNAs (let-7c-5p and miR-
365a-3p) that increased proliferation (Z-Score >3 in both duplicates), as assessed by
EdU-positive cells (Figure. 10C-D). However, the increase of EdU-positive
cardiomyocytes was modest (let-7c-5p: 6.9+0.3%, miR-365a-3p: 6.5+0.1%) as compared
to mock transfected human iPSC-CMs (Mock; 5.1+0.5%, Figure. 10D) and a Hit-pick
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screening did not confirm a significant increase in cell-cycling iPSC-CMs after treatment
with anti-let-7c-5p and anti-miR-365a-3p (Figure. 10E). Conversely, transfection of
miRNA-mimics identified twenty-eight miRNAs that induced proliferative activity in human
IPSC-CMs (z-factor > 3 in both duplicates) (Figure. 10F-G). A Hit-pick screening

confirmed the proliferative potential of candidate miRNA-mimics (Figure. 10H).
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Figure 10: High-throughput screening for identification of pro-proliferative miRNAs

Figure 10A: Graphical illustration of the high-throughput (HT) screening workflow. A miRNA-library was
used for overexpression (miR-mimics) and inhibition (anti-miRs) of 2019 miRNAs. HT screen was
performed in duplicates. Figure 10B: Immunofluorescence images of hiPSC-CMs showing Hoechst
(blue, nuclei), cardiac troponin T (green) and EdU (red) after transfection with miR-mimic-519e-3p, miR-
mimic-515-3p and mock transfection. Scale bar: 5 ym. Figure 10C: EdU-incorporation into hiPSC-CMs
was assessed after individual transfection with 2019 miRNA-inhibitors (anti-miRNAs). Data plot indicates
EdU-incorporation (%). A Z-factor > 3 in both replicates, indicated by red dots, was used to delineate a
significant increase in EdU-uptake. Figure 10D: Two anti-miRNAs, let-7c-5p and miR-365-3p
significantly increased EdU-uptake in hiPSC-CM. The horizontal dotted line indicates the mean EdU-
incorporation of hiPSC-CMs. Figure 10E: Validation of anti-miRNAs let-7c-5p and miR-365-3p in a
second screen. However, transfection of hiPSC-CM with anti-let-7c-5p and anti-miR-365-3p did not
significantly increase EdU-uptake as compared to mock transfected hiPSC-CMs. Figure 10F: EdU-
incorporation into hiPSC-CMs was assessed after individual transfection with 2019 miRNA-mimics. Data
plot indicates EdU-incorporation (%). A Z-factor > 3 in both replicates, indicated by red dots, was used
to delineate a significant increase in EdU-uptake. Figure 10G: Twenty-eight miRNA-mimics significantly
increased EdU-uptake in hiPSC-CM. The horizontal dotted line indicates the mean EdU-incorporation of
hiPSC-CMs. Colored bars highlight members of the miR-515-family and members of the miR-371-373
Cluster. Figure 10H: Validation of miRNA-mimics in a secondary screen. Screen was performed in

duplicates, shown is the mean EdU-uptake of two screens.

8.5 Hsa-miR-515-3p, hsa-miR-519e-3p and hsa-miR-371a-3p
substantially induce DNA synthesis in human iPSC-CMs
First, we validated our findings derived from the high-throughput screening. Transfection
of hiPSC-CMs with miR-515-3p, miR-519e-3p and miR-371a-3p-mimic substantially
increased incorporation of EAU in human iPSC-CMs as compared to miR-scrambled
transfected hiPSC-CMs (Figure. 11A). In addition, we exposed miR-mimic transfected
hiPSC-CMs to transient hypoxia (0.5% O2 for 2 hours). Interestingly, a brief period of
hypoxia further increased proliferative activity after treatment with miR-515-3p and miR-
519e-3p (Figure. 11B). Immunocytochemistry was performed for the representative
immunofluorescence images showing the increase in EdU positive hiPSC-CMs after
transfection with miR-mimic-515-3p, mMiR-mimic-519e-3p and miR-mimic-371a-3p,

followed by transient hypoxia (Figure. 11C).
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Figure 11: Overexpression of hsa-miR-515-3p, hsa-miR-519e-3p and hsa-miR-371a-
3p induce DNA synthesis in human iPSC-CM

Figure 11A: Incorporation of EdU in hiPSC-CMs transfected with miR-scrambled, miR-mimic-515-3p,
miR-mimic-519e-3p and miR-mimic-371a-3p under normoxia. (n=3). ***; P < 0.001 vs. miR-scrambled.
Figure 11B: Incorporation of EdU in hiPSC-CMs transfected with miR-scrambled, miR-mimic-515-3p,
miR-mimic-519e-3p and miR-mimic-371a-3p after transient hypoxia. (n=3). *, miR-scrambled vs. miR-
mimic-515, 519 & 371; $, miR-515 vs. 371; #, miR-519 vs. miR-371. #; P <0.05, $$; P < 0.01, ***; P <
0.001. Figure 11C: Representative immunofluorescence images of hiPSC-CMs after transfection with
miR-mimic-515-3p, miR-mimic-519e-3p and miR-mimic-371a-3p, followed by transient hypoxia. Hoechst
(blue, nuclei), cardiac troponin T (red) and EdU (green). Scale bar: 50 pm.

Statistical Analysis Figure 11:

Bars represent average of three to five biological experiments; data analysis conducted using Graph pad 7
software. Two-way ANOVA with Tukey multiple comparisons test was used for the analysis. Values are
presented as mean * s.e.m. *P <0.05, **P <0.01, ***P <0.001 relative to Control. A value of P < 0.05 was

considered as statistically significant
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8.6 Hsa-miR-515-3p, hsa-miR-519e-3p and hsa-miR-371a-3p induce

late G2/Mitosis in human iPSC-CMs
Furthermore, we analyzed the mitosis marker histone H3 phosphorylated on serinel0
(H3PS10), a marker of late G2 mitosis (Figure. 12). Similarly, treatment with miR-515-
3p, miR-519e-3p and miR-371a-3p-mimic increased H3PS10-positive hiPSC-CM as
compared to miR-scrambled treated hiPSC-CMs in Normoxia conditions (Figure. 12A).
In addition, a transient hypoxia, as compared to normoxia, increased further the number
of H3PS10-positive hiPSC-CM in miR-515-3p and miR-519e-3p-mimic transfected
hiPSC-CMs (Figure. 12B). Immunocytochemistry was performed for the representative
immunofluorescence images showing the increase in H3P positive hiPSC-CMs after
transfection with miR-mimic-515-3p, miR-mimic-519e-3p and miR-mimic-371a-3p,
followed by transient hypoxia (Figure. 12C). These results indicate that miR-515-3p,
miR-519e-3p and miR-371a-3p induce cardiomyocyte proliferation. As miR-515-3p and
miR-519e-3p showed a more pronounced induction of proliferative activity under hypoxic
conditions as compared to miR-371a-3p, we further focused our study on these two
MiRNAs.

miR- Scrambled miR-mimic-515-3p

2150 Normoxia

miR- miR- miR- miR-
scrambled 515-3p 519e-3p 371a-3p
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b Vo
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Figure 12: Overexpression of hsa-miR-515-3p, hsa-miR-519e-3p and hsa-miR-371a-
3p induce late mitosis in human iPSC-CM
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Figure 12A: Analysis of mitosis in hiPSC-CM, as assessed using phosphorylated histone H3 (H3P).
H3P-positive hiPSC-CM after transfection with miR-scrambled, miR-mimic-515-3p, miR-mimic-519e-3p
and miR-mimic-371a-3p under normoxia. (n=5). *; P < 0.05, **; P < 0.01; ***; P < 0.001 vs. miR-
scrambled. Figure 12B: H3P-positive hiPSC-CM after transfection with miR-scrambled, miR-mimic-515-
3p, miR-mimic-519e-3p and miR-mimic-371a-3p after transient hypoxia. (n=5). *; P < 0.05, ***; P < 0.001
vs. miR-scrambled. Figure 12C: Representative immunofluorescence images of hiPSC-CMs after
transfection with miR-scrambled, miR-mimic-515-3p, miR-mimic-519e-3p and miR-mimic-371a-3p,
followed by transient hypoxia. Yellow arrows represent the cells, which are positive for Phospho histone
H3 (H3P) a marker for G2/mitosis. Hoechst (blue, nuclei), cardiac troponin T (green) and EdU (red).
(n=5). Scale bar: 50 pym.

Statistical Analysis Figure 12:

Bars represent average of five biological experiments; data analysis conducted using Graph pad 7 software.
Two-way ANOVA with Tukey multiple comparisons test was used for the analysis. Values are presented
as mean = s.e.m. *P <0.05, **P < 0.01, ***P < 0.001 relative to Control. A value of P < 0.05 was considered

as statistically significant

8.7 Concentration-dependent EdU Incorporation and toxicity
assessment after miRNA-transfection

In order to define efficacy and toxicity effects, miRNAs were transfected with increasing
concentrations, whereby transfection with 60nM induced proliferative activity significantly
above lower concentrations (Figure. 13A-C) without affecting toxicity, as assessed by
LDH assay (Figure. 13A). DNA synthesis (EdU) was significantly improved after miR-
transfections (Figure. 13B-C). Immunocytochemistry was performed for the
representative immunofluorescence images showing the increase in EdU positive hiPSC-
CMs after transfection with miR-scrambled, miR-mimic-515-3p, miR-mimic-519e-3p and
miR-mimic-590-3p (Figure. 13B). Of note, transfection of hsa-miR-590-3p that was
reported to induce cardiomyocyte proliferation in murine cardiomyocytes, % 114 did not

result in enhanced EdU incorporation in human iPSC-CM.
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Figure 13: Concentration-dependent EdU Incorporation and toxicity assessment
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Figure 13A: Incorporation of EdU in hiPSC-CMs after transfection with increasing miRNA-mimic
concentrations (20, 40, 60, 80 and 100 nM). $, miR-scrambled (20nM- 100nM) vs. miR-515 and miR 519
(20nM-100nM). *, vs. miR-515 in between different miRNA-concentrations (20nM-100nM). #, vs. miR-
519 in between different miRNA-concentrations (20nM-100nM). (n=3). $; P < 0.05, **; $$; P < 0.01; ***;
$$3; ### P < 0.001. Figure 13B: Representative immunofluorescence images of hiPSC-CMs showing
Hoechst (blue, nuclei), cardiac troponin T (red) and EdU (green). Scale bar: 50 ym. Figure 13C:
Analysis of cytotoxicity, as assessed by LDH release of hiPSC-CMs after transfection with miR-mimic-
515-3p, miR-mimic-519e-3p and miR-mimic-590 using different miRNA-mimic-concentrations. (n=3). *,
treatments within miRNA-scrambled (20 nM vs. 40nM; 40nM vs. 60nM; 60nM vs.100 nM). ***; P < 0.001.

Statistical Analysis for Figure 13:

Bars represent average of three biological experiments; data analysis conducted using Graph pad 7
software. Two-way ANOVA with Tukey multiple comparisons test was used for the analysis. Values are
presented as mean * s.e.m. *P <0.05, **P <0.01, ***P <0.001 relative to Control. A value of P < 0.05 was

considered as statistically significant.
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8.8 Long-term effects of miRNA-transfections in cardiomyocyte

proliferation
In addition, we analyzed EdU-incorporation and positive staining for H3PS10 over a
period of six days after transfection (Figure. 14A-B). Whereas hiPSC-CMs showed
highest EdU-incorporation at day five (Figure. 14A), H3PS10-positive hiPSC-CMs
peaked at day two-post transfection (Figure. 14B). Of note, miR-515-3p and miR-519e-
3p transfection was effective in hiPSC-CMs from both, female or male human iPSC-

cardiomyocytes (Figure. 14C-D).
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Figure 14: Prolonged effects of EdU Incorporation, and late G2 mitosis assessment
after miRNA-transfection

Figure 14A: EdU-uptake, as assessed at day 3 to day 6-post transfection, in hiPSC-CMs treated with

miR-scrambled, miR-mimic-515-3p, miR-mimic-519e-3p and miR-mimic-590 (n=3). *, vs. MIR-
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scrambled; $, miR-515 from day 3 to 6; #, miR-519 from day 3to 6. *, $, #, P < 0.05, **; $3$, ##, P < 0.01;
0 $$$, ###, P < 0.001. Figure 14B: H3P-positive hiPSC-CMs, assessed at day 2 to day 5-post
transfection, after treatment with miR-mimic-515-3p, miR-mimic-519e-3p and miR-mimic-590. (n=3). *,
vs. miR- scrambled; *; P < 0.05, ***; P < 0.001. Figure 14C: Incorporation of EdU does not significantly
differ in miRNA-mimic-transfected hiPSC-CMs from female as compared to male donors. (n=3). *, vs.
miR-scrambled (female hiPSC-CMs). *; P < 0.05, **; P < 0.01. $, vs. miR-scrambled (male hiPSC-CMs).
$3$; P < 0.01; $$3%; P < 0.001. Figure 14D: H3P-positive hiPSC-CMs transfected with miR-mimics in
female as compared to male donors. (n=3). *, vs. miR-scrambled (female hiPSC-CMs). *; P < 0.05, **;
P <0.01. $, vs miR-scrambled (male hiPSC-CMs). $$; P < 0.01.

Statistical Analysis 14:

Bars represent average of three biological experiments; data analysis conducted using Graph pad 7
software. Two-way ANOVA with Tukey multiple comparisons test was used for the analysis. Values are
presented as mean * s.e.m. *P <0.05, **P <0.01, ***P <0.001 relative to Control. A value of P < 0.05 was

considered as statistically significant.

8.9 MiR-515-3p and miR-519e-3p markedly alter expression of genes

involved in proliferation, dedifferentiation and hypertrophy

Cardiomyocyte proliferation is dependent on activation and repression of genes involved
in cell-cycle reentry. Therefore, we assessed positive and negative cell cycle regulators
using qPCR after transfection of hiPSC-CM with miR-515-3p and miR-519e-3p (Figure.
15A-0). RNA was isolated 48 and 72 hours after transfection for reverse transcription
and gPCR for genes related to cell-cycle inhibition (CDKN1A, CDKN1B, and CDKN1C)
(Figure. 15A-C) and cell-cycle activation (CCNA2, CCNB1, and CCND2) (Figure. 15D-
F). Moreover, Hippo pathway activators (LATS1 and MOB1B, Figure. 15G-H),
cytokinesis marker (Aurora B, Figure. 15lI), sarcomeric genes involved in
maturation/differentiation (MYL2, MYL7, MYOM2, and MYOM3, Figure. 15J-M) and
genes involved in cardiomyocyte hypertrophy (NPPA, NPPB, Figure. 15N, O) were also

assessed.

As show in the Figure. 15, cell cycle inhibitors, hippo pathway activators, cardiac
maturation markers and hypertrophy markers are down regulated, were as genes

involving the cell cycle activation are upregulated, upon treatment with miR-515 and miR-
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519e. This suggests that microRNA-515 and microRNA-519e play an important role

genes involved in cardiomyocyte cell cycle activity.
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Figure 15: Overexpression of hsa-miR-515-3p and hsa-miR-519e-3p modulates

genes involved in cardiomyocyte proliferation, hypertrophy and dedifferentiation

Figures 15A-C: Quantitative real-time PCR (qPCR) of cell- cycle inhibitors (CDKN1A, CDKN1B, and
CDKNL1C) in hiPSC-CMs after transfection with miR-scrambled, miR-mimic-515-3p or miR- mimic-519e-
3p. (n=4-5). *, vs. miR-scrambled. ***; P < 0.001. Figures 15D-F: Quantitative real-time PCR (qPCR) of
cell-cycle activators (CCNA2, CCNB1, and CCND2) in hiPSC-CMs after transfection with miR-
scrambled, miR-mimic-515-3p or miR- mimic-519e-3p. (n=4-5). *, vs. miR-scrambled. **; P < 0.01; ***;
P <0.001. Figures 15G-H: Quantitative real-time PCR (qPCR) of Hippo pathway activators (LATS1 and
MOB1B) in hiPSC-CMs after transfection with miR-scrambled, miR-mimic-515-3p or miR- mimic-519e-
3p. (n=4-5). *, vs. miR-scrambled. *; P < 0.05, **; P < 0.01; ***; P < 0.001. Figure 15I: Quantitative
real-time PCR (gqPCR) of cytokinesis marker Aurora B in hiPSC-CMs after transfection with miR-
scrambled, miR-mimic-515-3p or miR- mimic-519e-3p. *, vs. miR-scrambled. (n=4-5). **; P < 0.01; ***;
P < 0.001. Figures 15J-M: Quantitative real-time PCR (gPCR) of sarcomeric genes involved in
maturation/differentiation (MYL2, MYL7, MYOM2, and MYOM3) in hiPSC-CMs after transfection with
miR-scrambled, miR-mimic-515-3p or miR- mimic-519e-3p. (n=4-5). *, vs. miR-scrambled. *; P < 0.05,
*** P < (0.001. Figures 15N-O: Quantitative real-time PCR (qPCR) of genes involved in cardiomyocyte
hypertrophy in hiPSC-CMs after transfection with miR-scrambled, miR-mimic-515-3p or miR- mimic-
519e-3p. (n=4-5). *, vs. miR-scrambled. ***; P < 0.001.

Statistical Analysis for Figure 15:
Bars represent average of four to five biological experiments; data analysis conducted using Graph pad 7
software. Two-way ANOVA with Tukey multiple comparisons test was used for the analysis. Values are
presented as mean = s.e.m. *P <0.05, **P <0.01, ***P <0.001 relative to Control. A value of P < 0.05 was

considered as statistically significant.
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8.10 Hsa-miR-515-3p, hsa-miR-519e-3p and hsa-miR-371a-3p regulate
cell-cycle genes on protein level
To further corroborate the actions of miIRNA mediated effects on translation and
expression of proteins, we validated our results by Western blots (Figure. 16). After
transfection of miR-515-3p, miR-519e-3p-mimics in hiPSC-CMs, a marked
downregulation of cell cycle inhibitor p21/CDKN1A (Figure. 16A-B) and upregulation of
cell cycle activator Cyclin A2/ CCNA2 (Figure. 16A-C) and AIM 1/ Aurora B (AURKB),
(Figure. 16A-D) at protein level was confirmed. This suggests that microRNA-515 and

microRNA-519 modulate genes involved in cardiomyocyte proliferation.
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Figure 16: Overexpression of hsa-miR-515-3p and hsa-miR-519e-3p regulate cell-
cycle genes on protein level

Figure 16A: Western blot analysis from hiPSC-CMs after transfection with miR-scrambled, miR-mimic-
515-3p or miR-mimic-519e-3p using indicated antibodies. Figure 16B: Cell-cycle inhibitor CDKN1A
(p21) is significantly reduced after miR-mimic 515-3p or miR-mimic-519e-3p treatment. (n=3-4). *, vs.
miR-scrambled. **; P < 0.01; ***; P < 0.001. Figure 16C: Cell-cycle activator CCNA2 is substantially

increased after miR-mimic-515-3p or miR-mimic-519e-3p treatment. (n=3-4). *, vs. miR-scrambled. **;
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P < 0.01; *** P < 0.001. Figure 16D: Cytokinesis marker Aurora B show a substantially increased
expression after miR-mimic-515-3p or miR-mimic-519e-3p treatment. (n=3-4). *, vs. miR-scrambled. ***;
P < 0.001.

Statistical Analysis for Figure 16:

Bars represent average of three to four biological experiments; data analysis conducted using Graph pad
7 software. Ordinary One-way ANOVA with Sidak multiple comparisons test was used for the analysis.
Values are presented as mean + s.e.m. *P <0.05, **P <0.01, ***P <0.001 relative to Control. A value of P

< 0.05 was considered as statistically significant.

8.11The primate specific miRNAs - miR-515-3p and miR-519e-3p are
effective in mouse cardiomyocytes
Notably, the investigated miRNAs - miR-515-3p and miR-519e-3p — are primate-specific
and therefore not expressed in rodents. With regard to a potential pre-clinical model in
vivo, we tested hsa-miR-515-3p and hsa-miR-519e-3p in mouse cardiomyocytes.
Cardiomyocytes were isolated from mice at day three after birth (P3). In line with our
findings in human iPSC-CM, transfection of P3 mouse cardiomyocytes with miR-515-3p
and miR-519e-3p-mimics markedly enhanced incorporation of EAU (Figure. 17A-B) and
H3P, a mitosis marker of late G2 phase (Figure. 17C-D). Immunocytochemistry was
performed for the representative immunofluorescence images showing the increase in
EdU positive (Figure. 17B) and H3P positive (Figure. 17D) hiPSC-CMs after transfection
with  miR-scrambled, miR-mimic-515-3p, miR-mimic-519e-3p. Together, these data
indicate that human miR-515-3p and miR-519e-3p substantially enhance cardiomyocyte

proliferation that is not restricted to primates.
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Figure 17: Hsa-miR-515-3p and hsa-miR-519e-3p induce proliferation in mouse
cardiomyocytes
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Figure 17A: Incorporation of EdU in mouse cardiomyocytes after transfection with hsa-miR-mimic-515-
3p and hsa-miR-mimic-519e-3p. (n=3). *, vs. miR- scrambled. *; P < 0.05, **; P < 0.01; ***; P < 0.001.
Figure 17B: Representative immunofluorescence images of mouse cardiomyocytes showing Hoechst
(blue; nuclei), Sarcomeric-Alpha Actinin (red) and EdU (green). Scale bar: 50 ym. Figure 17C: H3P-
postive cells in mouse cardiomyocytes after transfection with hsa-miR-mimic-515-3p and hsa-miR-
mimic-519e-3p, *, vs. miR-scrambled. Figure 17D: Representative immunofluorescence images of
mouse cardiomyocytes showing Hoechst (blue; nuclei), Sarcomeric-Alpha Actinin (red) and H3P (green).

Yellow arrows point to cardiomyocytes positive for H3P. Scale bar: 50 ym.

Statistical Analysis for Figure 17:
Bars represent average of three biological experiments; data analysis conducted using Graph pad 7
software. Two-way ANOVA with Tukey multiple comparisons test was used for the analysis. Values are

presented as mean * s.e.m. *P <0.05, **P <0.01, ***P <0.001 relative to Control. A value of P < 0.05 was

considered as statistically significant.
8.12 Transcriptome analysis after overexpression of miR-515-3p and

miR-519e-3p in human IPSC-CMs reveals substantial changes on

structural organization and proliferation pathways
To further understand pathways involved in the observed regenerative potential, we
performed RNA-Sequencing (RNA-Seq) after overexpression of miR-515-3p and miR-
519e-3p in hiPSC-CM (Figure. 18).
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As expected, regulated genes after miR-515-3p and miR-519-3p transfection show an
extensive overlap, with 890-shared genes (Figure. 18A). Volcano plot of differentially
expressed genes after transfection with miR-519e-3p as compared to miR-scrambled
transfected hiPSC-CMs (Figure. 18B). Heat map, arranged by hierarchical clustering, of
differentially expressed genes (miR-519e-3p (right rows) vs. miR-scrambled (left rows))
(Figure. 18C). We used gene ontology (GO) enrichment analysis to investigate whether
specific GO terms are associated with differentially expressed genes after miR-519-3p
mimic treatment (Figure. 18D-G). Downregulated gene pathways are strongly involved
in sarcomeric organization signalling (Figure. 18D-F). In contrary, upregulated enriched
gene pathways comprise processes involved in cell-cycle regulation, specifically mitosis,
cell division, nuclear division, DNA replication and chromosome assembly (Figure. 18 E-
G). As expected, cell cycle genes such as cyclins (CCNB1, CCNB2, CCNA2), KIf family
members (KIF4a, KIF20A, KIFC1, KIF2C, KIF11) and cytokinesis genes such as Aurora
(AURKA, AURKB) and NUSAP1 belong to the most significantly upregulated genes
derived from the RNA-Seq. These findings indicate that miR-515 of miR-519e-3p strongly
induce signalling pathways involved in cardiomyocyte proliferation.
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Figure 18: RNA-Seq reveals a strong regulation of hsa-miR-519e-3p for biological
processes involved in cardiac muscle regeneration

Figure 18A: The Venn diagram shows overlapping and differentially expressed genes in hiPSC-CM
after miR-mimic-519e-3p and miR-mimic-515-3p treatment as compared to miR-scrambled transfected
hiPSC-CMs. Figure 18B: Volcano plot of differentially expressed genes after transfection with miR-
519e-3p as compared to miR-scrambled transfected hiPSC-CMs. Green and red circles indicate
statistically significant differentially expressed genes with fold change > 1.5 and p-value 0.05. Abscissa:
Fold-change; vertical coordinates: p-value (n=4 per group). Figure 18C: Heat map, arranged by
hierarchical clustering, of differentially expressed genes (miR-519e-3p (right rows) vs. miR-scrambled

(left rows)). The color represents the relative expression level (log2 scaled FPKM). Red, increased
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expression; green: reduced expression Figure 18D: Top ten enriched gene ontology (GO) terms of
downregulated genes, ordered from top to bottom by p-value. Figure 18E: Top ten enriched gene
ontology (GO) terms of upregulated genes, ordered from top to bottom by p-value. Figure 18F: Cord

plots showing top nine GO biological process terms that are related to the top 20 significantly
differentially downregulated genes. Figure 18G: Cord plots showing top nine GO biological process

terms that are related to the top 20 significant differentially upregulated genes.
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9. DISCUSSION

Ischemic heart disease (IHD) remains the leading cause of death in the world. In 2015,
110 million cases are estimated to suffer from IHD, with approximately 9 million deaths
due to IHD %32 In addition, about 38 million patients suffer from heart failure that is
associated with a high mortality. 3+ 35 Interventional and drug-based therapies may
prevent the heart from extensive necrosis and remodelling, but do not address the
underlying problem, cardiomyocyte loss. Cardiomyocyte proliferation is a key step in
heart regeneration. In humans, cardiomyocyte withdrawal from the cell cycle is observed
early after birth. Though it has been shown that in adolescence, a negligible count of
cardiomyocytes within the human heart undergoes cell cycle re-entry. ° However, the low
number of cardiomyocytes that re-enter cell cycle is insufficient to restore the non-
contractile scar after myocardial infarction. In the last several years, many approaches
targeted cardiac regeneration, through exosomes, 136 137 growth factors,'3® 139 small
molecules, % 40 and recently with microRNAs. Of note, a recent publication of Giacca’s
research group has shown enhanced proliferation of cardiomyocytes and improved heart
function in a large animal model 116 after treatment with miRNA-mimics. As miRNAs have
been shown to crucially regulate proliferative capacity in mammals, 65 66,108, 112, 116,125,126
a high-throughput approach using a miRNA-library may identify miRNAs with the potential
to rescue cardiomyocyte loss after myocardial infarction. To our best knowledge, our
study for the first time describes a functional high-throughput screening in human iPSC-
derived cardiomyocytes (hiPSC-CMs) to assess the proliferative capacity after
hypoxia/reoxygenation using a human miRNA library consisting > 2000 microRNAs.
2019 miR-mimics and anti-miRs were used for individual overexpression and

downregulation of endogenous miRNAs in human iPSC-CMs.

As a model system, to identify microRNAs in cardiomyocyte proliferation, human hiPSC-
CMs were used. In 2007 Takahashi et.al., for the first time generated human induced
pluripotent stem cells from human dermal fibroblasts by transient overexpression of
Yamanaka“s factors (OCT4, SOX2, KLF4 and C-MYC) and these human iPSCs can be
utilized to differentiate into three embryonic germ layers (mesoderm, ectoderm, and
endoderm).5! The mesodermal germ layer differentiations are used either by embryoid
bodies (EBs) method or by monolayer cultures of cells to differentiate into cardiac

lineages that include cardiomyocytes (hiPSC-CMs). 53 54
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HIPSC-CMs were used in the investigation of disease mechanisms especially in
cardiovascular diseases (CVDs). As an example, to detect a disease-specific phenotype,
hiPSC-CMs may be generated from patients suffering from hypertrophic cardiomyopathy
(HCM) and compared to iPSC-CM from healthy subjects. The patient cells displayed
specific altered properties, which are similar in HCM patients, such as cellular
hypertrophy, abnormalities in sarcomere organization and altered calcium handling.
These properties were not observed in the hiPSC-CMs derived from healthy subjects.4!
In another study, healthy hiPSC-CMs were compared to the hiPSC-CMs obtained from
patients with arrhythmogenic cardiomyopathy (ACM), which allowed in detecting
plakophilin-2 (PKP2) gene mutations, by studying cell structure and morphology in
hiPSC-CMs derived from patients, and these cells, showed the properties of altered Z-
bands, larger cardiomyocytes, which are some of the typical ACM features. 4? These
cells can be used for high throughput screening approaches, by generating large-scale
hiPSC cardiomyocytes, 143 that would be cost effective compared to the animal disease

models used. 144

Several studies have utilized hiPSC-CMs to understand basic and translational aspects
in cardiovascular regenerative medicine (in-vitro and in-vivo). In a study, hiPSC-CMs
were transplanted into a mouse heart after myocardial infarction (MI). Transplantation of
these cells improved left ventricular function and attenuated cardiac remodelling process,
in mice. However, due to limited engraftment of cells, myocardial regeneration was not
observed in mice, but rather stimulation of anti-apoptotic and pro-angiogenic effects.4°
Similarly in another study, left ventricular ejection fraction was improved and cardio
protective effects were observed through paracrine factors in the damaged tissue after
transplanting hiPSC-CMs in the mice post- myocardial infarction. 146 Large animal models
were also tested using hiPSC; in a recent study, hiPSC-CMs sheets were transplanted
following MI in a porcine heart, which underwent ischemia reperfusion injury. The CM
sheets improved cardiac function and remodelling of the left ventricle. However, in a long-
term trial, very few iPSC-CMs survived. 47 In a very recent study, iPSC-CMs injected in
a cynomolgus monkey survived for a period of twelve weeks, without any immune
rejections, and the function of cardiac contractility improved in between four and twelve
weeks, but non-fatal-ventricular tachycardia, was observed resulting in arrhythmias. %8
These studies suggest that iPSC-CMs may be used as a regenerative cell-based therapy

but also over major hurdles that have to be considered and improved. These include

82



DISCUSSION

homing and long-term survival in host tissue and maturation of hiPSC-CMs to efficiently
integrate into the host myocardium. Therefore, further studies of hiPSC-CMs focussing
on safety and feasibility are required to utilize these cells for treatment of cardiovascular

diseases. 63.148, 149

For our study, we used hiPSC-CMs to identify the role of microRNAs in cardiomyocyte
proliferation. In order for the cells to have a more mature phenotype, we cultured hiPSC-
CM for 40 days post differentiation (Figure. 8). To verify miRNA-abundances after
transfection, we performed gRT-PCR of miRNAs after microRNA-1825 overexpression
(Figure. 9A) and miR-195 downregulation (Figure. 9B) using miR-mimics and anti-miRs,
respectively. MiR-1825 159 and miR-195 %10 have been shown as positive and negative
modulators of cardiomyocyte proliferation.'1% 150 However overexpression of microRNA-
1825 showed only modest effects in our hiPSC-CMs compared to the control groups
(Figure. 9C,D,F), which shows that proliferation of cardiomyocytes can be different in
between species (i.e. murine cardiomyocytes vs human cardiomyocytes). We used
transient hypoxia to mimic hypoxia reoxygenation such as present in patient with Ml and
as previous studies have shown that systemic gradual hypoxemia in 3-month-old adult
mice reactivated the regenerative properties of the adult mammalian heart. In this
experimental study, a group of mice were subjected to hypoxic conditions with and without
myocardial infarction (MI) and another to normoxic conditions. Mice were exposed to
systemic severe hypoxaemia (7% O2) for a period of four weeks. During the initial two
weeks, to avoid a rapid drop in oxygen pressure, the fraction of inspired oxygen
(FiO2) was dropped gradually by 1% per day, from ambient oxygen levels in the room
20.9% - to 7 % O2. Once the oxygen levels reached 7%, the experimental approach was
carried out for next two weeks. Similarly, another group of mice were subjected to M.
One week post-MlI, these mice were exposed to hypoxic conditions as mentioned above.
Histology assessment and cardiomyocytes isolated from the hearts after four weeks with
and without MI showed a significant increase in the cell proliferation markers, such as
DNA synthesis, G2/Mitosis and cytokinesis in hypoxic hearts compared to normoxia.
However, exposure to 7% oxygen for 3 weeks increased the mortality rate in sham and
MI-operated mice, demonstrating that mice do not tolerate prolonged severe exposure to
hypoxia. 2% 3° Similarly, in another recent study hiPSC-CMs were exposed to different
levels of oxygen (5 %, 10 %, 15 %, and 20 %) for 7 days. Oxygen levels were dropped
from 20 % to 5 %, in which moderate levels of hypoxia (15% and 10%) increased
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cardiomyocyte proliferation. 43 44 Altogether, these studies suggest that hypoxia can be
used to induce cardiomyocyte proliferation as a new therapeutic approach. However,
transcription factors and signalling pathways involved have to be studied to understand

mechanisms involved in hypoxia-driven cardiac regeneration. 2°

The screening method used in this study can also be widely applied to neonatal
cardiomyocytes. Primarily, to screen large libraries, a pure culture of cardiomyocytes is a
prerequisite, therefore in each experiment, we used a cardiomyocyte specific marker,
human-cardiac Troponin T for human iPSC-CMs and sarcomeric-alpha Actinin for mouse
CMs to distinguish positive cells. Due to a large number of microRNAs in the library,
there might be some limitations with false positive or false negative readouts. To avoid
this, we first performed the main screening with the human microRNA library (Figure.
10C, D, F, G). Thereafter, hit candidates derived from the main screen were re-tested two
times in a secondary screen (Figure. 10E, H). Top candidates derived from the hit-picking
screen were further validated for their proliferative capacity using markers for late mitosis

and cytokinesis.

Importantly, overexpression of 28 miRNAs (miR-mimics) induced cell-cycle reentry in
human iPSC-CMs. Of note, overexpression of miR-199b-5p, induced, the highest
proliferative activity (Figure. 10G, H). However, miR-199b reported to mitigate
pathological remodelling and fibrosis and miR-199b expression is also increased in
human and mouse heart in heart failure 0 151 and therefore was not considered for
further investigation. Conversely, none of the anti-miRNAs, previously known to induce
cardiomyocyte proliferation in mammals, such as anti-miR-99-5p, 152 anti-miR-100-5p, 152
anti-miR-195-5p, 1 and anti-miR-128 153 did yield a proliferative response in human
IPSC-CMs. miR-195, a member of the miR-15-family, is highly up-regulated in mouse
hearts between day 1 and 10 after birth. Delivery of artificial anti-miRs targeting miR-15-
family members in neonatal mice increased cardiomyocyte proliferation by de-inhibiting
cell cycle genes. 110 111 Of note, some of the miRNAs that were reported to induce cell-
cycle in murine cardiomyocyte were confirmed in our screening, such as miR-1825 and
miR-33b,% others did not show a significant proliferative effect in human iPSC-CMs after
transient miRNA-overexpression, such as miR-590, miR-199a, the miR-302/367 cluster
and the miR-17-92 family.65 108 109, 112 These findings suggest that cardiomyocyte

proliferation is differentially regulated in human iPSC-CMs.
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Interestingly, several pro-proliferating miRNAs identified in the high-throughput screening
are members of miRNA-families, such as miR-148a-3p/miR-148b-3p (MIRNA-148
family), miR-212-3p/miR-132-3p (MIRNA 212 family) and miRNA-371a-3p/miR-371b
(miR-371 family). Of note, five out of 28 miRNA-candidates derived from the screen
belong to the imprinted chromosome 19 miR-cluster (C19MC, hsa-miR-515-3p, hsa-miR-
519e-3p, and hsa-miR-517¢c-3p) and adjacent miR-371-3 cluster (hsa-miR-371a-3p, hsa-
miR-371b-3p), located on chromosome 19g13.41 4 15 and they are expressed
predominantly in placental tissue %6 57, This primate-specific cluster represents one of
the largest gene clusters of human miRNAs. Members of the C19MC are expressed in
the placenta and undifferentiated cells.*> In human embryonic stem cells (hESCs), this
cluster is markedly upregulated compared to non-hESCs, %8 indicating an important role
for dedifferentiation. Moreover, Wu et al.**® has shown that several miRNAs of C19MC
directly target cyclin-dependent kinase inhibitor 1A (CDKN1A) at its 3'-untranslated region
in HEK 293 cells. CDKN1A is an important cell cyclin-dependent kinase (CDK)-inhibitor
that regulates cell proliferation and G1/S transition. In addition, several experimental
studies have investigated this family in the context of trophoblast differentiation, invasion
and proliferation.16% 61 Of note, members of the C19MC are also involved in extracellular
matrix composition 62 that is known to impact on regenerative capacity of the heart 163
and antiviral immunity.164 165 |n placental-derived cells, miRNAs that belong to the
C19MC cluster regulate proliferation, immunomodulation and extracellular matrix
composition, biological features that are also highly relevant for cardiac regeneration.
Therefore, we reasoned that these miRNAs are important for cardiomyocyte proliferation
due to their involvement in biological processes that are key factors for cardiac
regeneration.'® Therefore, the three miRNAs with the highest proliferative activity in this
group, namely hsa-miR-515-3p, hsa-miR-519e-3p and hsa-miR-371a-3p, were further
investigated for the induction of human cardiomyocyte proliferation (Figure. 11 and
Figure. 12).

In a recent study, overexpression of miR-199a or miR-590 using an Adeno-associated
vector (AAV) was established in a pig model, 1*¢ which resulted in functional recovery
post injury and increased cardiomyocyte proliferation. However, uncontrolled
overexpression of miR-199a in pigs also caused ventricular arrhythmias resulting in
sudden cardiac death. These results suggest that microRNAs can improve cardiac

function post infarction in a large animal model. Notably, delivery method, dosage and
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timeframe of overexpression of miRNAs seem to be critical steps in order to achieve
translational aspects of microRNAs in human trails. 6 17 However, a therapeutic
strategy using miRNAs to enhance cardiac regeneration in patients with Ml or ICM may
be feasible in the future. Most promising would be a miRNA-targeted therapy to direct
human adult cardiomyocytes to re-enter the cell cycle and enhance proliferation, thereby
compensating for the loss of myocardium after myocardial infarction. In our study, we
used several concentrations of microRNAs to study the effects of toxicity (Figure. 13) and

effects over several days after microRNA overexpression in hiPSC-CMs (Figure. 14).

As already reported in a study investigating the role of miRNAs in cyclin-dependent kinase
inhibitor 1A (CDKNZ1A) suppression in HEK 293 cells, 1°° that also represents an
important negative regulator of cardiomyocyte cycling,'¢” we could confirm a marked
decrease in expression of this cyclin-dependent inhibitor after miR-515-3p and miR-519e-
3p-mimic transfection. Similarly, downregulation of CDKN1B was observed. Importantly,
miR-515-3p and miR-519e-3p-transfected hiPSC-CMs showed a substantial increase in
cyclin A2 (CCNAZ2) expression. It has been reported that cyclin A2 is a key regulator of
the cell cycle through G1-S and G2-M phase. 168 169 |n addition, the cell-cycle activator
cyclin B1 (CCNB1) ° 170 was markedly upregulated. Moreover, genes that are involved
in the Hippo-signalling pathway, such as LATS1 and MOBI1B 2 were significantly
downregulated after miR-515-3p and miR-519e-3p-mimic transfection. Importantly
Aurora B kinase 71, an important regulator of cytokinesis was upregulated in gRT-PCR
and at protein level after treatment with miR-515-3p and miR-519e-3p. In line, sarcomeric
genes that are involved in structural maturation, such as Myosin light chain-2 (MYL-2),
Myosin light chain-7 (MYL-7) and Myomesin 3 (MYOM-3) 172 173 were markedly
downregulated. As upregulation of cycling markers and downregulation of
dedifferentiation markers may be associated with a hypertrophic response and adult
cardiomyocyte remodelling,3® 4 we assessed Natriuretic Peptide A (NPPA) and
Natriuretic Peptide B (NPPB). Importantly, NPPA was significantly downregulated after
miR-515-3p and miR-519e-3p-mimics transfection and NPPB did not show altered
expression, indicating miRNA-dependent cell-cycle reentry in the absence of hypertrophic
growth (Figure. 15 and Figure. 16).

Indeed, we confirmed that miR-515-3p and miR-519e-3p substantially enhance
expression of cell-cycling markers in human iPSC-CM. Importantly, transient hypoxia

further increased incorporation and labeling of early and late mitosis markers. As
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experimental studies suggest that a distinct population of adult cardiomyocytes maintain
their proliferative capacity in a hypoxic environment 3% 175 and activation of cell-cycle in
cardiomyocytes is more prominent at the border zone of the infarcted myocardium, miR-
515-3p and miR-519e-3p may enhance cardiogenesis in patients with myocardial
infarction and heart failure. As these are primate specific microRNAs, we tested their
effect in 3 days old mice cardiomyocytes and treatment with human hsa-miR-mimic-515
and has-miR-mimic-519 enhanced proliferation of neonatal mouse cardiomyocytes,
which gives us a hope to study these microRNAs in small animal models (Figure. 17).
Later using an RNA-Seq approach, we further observed that genes involved in sarcomeric
organization pathways are strongly downregulated, most probably reflecting sarcomeric
disassembly required for cell division. Importantly, besides an upregulation of cyclins and
genes involved in the Hippo pathway, we also observed a strong upregulation of genes
involved in cytokinesis, cell abscission and cell division (Figure. 18). This compelling
evidence suggests that miR-515-3p and miR-519-3p can force human cardiomyocytes to

divide and therefore be used as a potential therapy for cardiac regeneration.
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10. CONCLUSION

Cardiovascular diseases remain a significant health burden and a leading cause of deaths
across the world. Induction of cardiomyocyte proliferation, as observed in newborn mice,
and adult zebrafish, significantly contribute to cardiac regeneration after myocardial
injury. This response is mostly absent in human adults, and therefore, the development
of novel therapies to improve the cardiac repair mechanisms through cardiomyocyte cell-

cycle reentry is urgently needed.

In this project, we established a microRNA based high-throughput screening approach to
identify potential inducers of human cardiomyocyte proliferation. We established an
efficient lipid-based transfection method for transient overexpression and downregulation
of miRNASs in hiPSC-CMs.

Later we screened a human microRNA library consisting of more than two thousand
microRNA-mimics and anti-miRNAs. Hit-miRNAs derived from the main high-throughput
screening were further validated in a secondary screening. In this project, the screening
revealed two primate specific microRNA-mimics - miR-515 and miR-519e - that
significantly increased proliferation in human cardiomyocytes as assessed by markers of
DNA synthesis and G2/Mitosis without inducing toxic effects, which was assessed by

LDH assay.

Interestingly both miRNAs are equally effective in inducing proliferation in female and
male human iPSC-derived cardiomyocytes. We also found that overexpression of these
two microRNAs substantially increased expression of cell cycle activators and
downregulate cell cycle inhibitors at both RNA and protein level in human iPSC-CMs. To
further gain mechanistic insights into relevant pathways modulated by these miRNAs,
RNA-Sequencing of human iPSC-CMs after overexpression with miR-515-3p and miR-
519e-3p was performed.

Furthermore, we found that overexpression of these two microRNA-mimics induced
proliferation in 3-day-old neonatal mice cardiomyocytes indicating that these miRNAs are

also effective in non-primate species.

Taken together our data suggests that the identified miRNAs from the functional high-

throughput screening may represent potential novel therapeutic options for treatment of
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patients with myocardial infarction and ischemic cardiomyopathy that are associated with

loss of cardiomyocytes.
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11. FUTURE PERSPECTIVES

Potentially, these miRNAs may have the therapeutic potential for cardiac repair in patients

with myocardial infarction and reversal of heart failure progression.

Direct gene targets of the microRNAs will be identified through computational analysis
with the data derived from the RNA-Seq. Target Validation of the identified genes and
signalling pathways regulated by these miRNAs will provide an in-depth view in
mechanisms that induce cycling of human cardiomyocytes. Validation will be performed,
using dual luciferase assays after transfection of the miRNAs and a construct harbouring
the 3’ UTR Sequence.

In the future, we will explore miR-515 and miR-519 as therapeutics for functional recovery
through cardiomyocytes proliferation using in vivo myocardial infarction models. Mice will
undergo ligation of the left anterior descending artery (LAD) to induce myocardial
infarction. Human hsa-miR-515-3p and has-miR-519e-3p will be injected in the infarct
border zone to induce cardiomyocyte proliferation. Mice will be followed-up for 4 weeks
using transthoracic echocardiography to assess left ventricular ejection fraction (LVEF).
In addition, immunofluorescence staining of histological sections after 3 days and 14 days
to identify enhanced expression of cycling genes after miRNA-treatment will be
performed. The in vivo studies will reveal the potential of these miRNA to induce cardiac

regeneration in the injured heart and pave the way for clinical translation.
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