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ABSTRACT

In the last decade, since the first report of induced pluripotent stem cells, the stem cell field
has made remarkable progress in differentiation to specialized cell-types of various tissues
and organs, including the heart. Cardiac lineage- and tissue-specific human pluripotent stem
cell (hPSC) reporter lines have been valuable for the identification, selection and expansion
of cardiac progenitor cells and their derivatives, and for our current understanding of the
underlying molecular mechanisms. In order to further advance the use of hPSCs in the
fields of regenerative medicine, disease modeling and preclinical drug development in
cardiovascular research, it is crucial to identify functionally distinct cardiac subtypes and
to study their biological signalling events and functional aspects in healthy and diseased
conditions. In this review, we discuss the various strategies that have been followed to
generate and study fluorescent reporter lines in human pluripotent stem cells and provide
insights how these reporter lines contribute to a better understanding and improvement of
cell-based therapies and pre-clinical drug and toxicity screenings in the cardiac field.

INTRODUCTION

Human pluripotent stem cells (hPSCs), i.e. embryonic stem cells (ESCs) and induced
pluripotent stem cells (iPSCs), can be maintained in culture indefinitely and since they
have the potential to differentiate into any cell type of the human body, these cells offer an
unlimited source of differentiated cell types, including cardiomyocytes (CMs). The promise
of hPSC-derived CMs for treatment of heart disease has grown rapidly since the ability to
reprogram somatic cells into iPSCs, discovered for the first time by Yamanaka et al. in 2006
[1]. IPSCs are very similar to embryonic stem cells (ESCs), but are of a less ethical concern,
as they do not require donated embryos for derivation. Further, they can be generated from
patients with genetic disease to create in vitro human disease models. In recent years, the
differentiation efficiency from hPSCs to cardiac cells has increased considerately, yielding 60-
90% cardiomyocyte cultures|2]. Efficient directed differentiation of CMs from hPSCs is of high
interest for multiple fields of research, including cardiogenesis, in vitro disease modeling,
drug discovery, safety pharmacology and regenerative medicine. Fluorescent reporter lines
offer the opportunity to monitor cell subtype specification and to investigate underlying
molecular mechanisms during differentiation of hPSCs towards cardiac cells, and to track
cells in cell-based therapies. In order to generate fluorescent reporter lines, hPSCs need to
be genetically modified, which can be performed through different approaches. A variety
of fluorescent proteins that cover a broad range of the wavelength spectrum, including
eGFP, mCherry and mVenus, enable imaging and tracking of specific cell populations and
mapping their cell fate. Here, we will summarize the different fluorescent reporter lines
that have been described so far, how these were generated, and how they have contributed
to our current knowledge on cardiac progenitors segregation, proliferation, and subtype
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specification. Further, we describe their importance for applications in regenerative
medicine (e.g. replacing damaged or non-viable heart tissue) and further advancing in vitro
systems for disease modeling and drug discovery and safety testing (Figure 1).

1 Methods for Generating PSC Reporter Lines

For selection and purification of specific cell types, non-genetic approaches such as
metabolic selection or sorting using cell type-specific antibodies are preferred. However,
these approaches are not always available or fail to yield sufficient purity, and therefore, the
use of cell-type specific fluorescent reporter lines offers an excellent alternative. Generation
of these reporter lines require genetic engineering in hPSCs, for which several successful
approaches have been described. Each genetic engineering approach knows its own
advantages and disadvantages, which we will discuss here briefly (Table 1). More specific
details can be found elsewhere[3-5].

1.1 Promoter-driven Reporter Lines

Introducing exogenous regulatory fragments that are coupled to a fluorescent reporter
gene can generate cell-specific promoter reporter lines. These elements can be introduced
randomly into the genome through viral-mediated transduction[6], electroporation,
nucleofection, or chemical-based transfection. However, important shortcomings exist in
using these methods. First, integration events are random and there is no control over copy
number, site of integration, and gene expression level. Moreover, chromatin dynamics and
epigenetic regulators may change upon lineage differentiation, resulting in the chance of
transgene silencing disabling gene reporter expression[7-9]. Second, endogenous regulatory
elements may interfere with the incorporated promoter/enhancer elements, so that the
fluorescent reporter may not faithfully recapitulate endogenous activation of the target
gene during differentiation. The use of strong insulator elements flanking the enhancer
and its reporter gene could be a way to overcome transgene silencing[9, 10]. Moreover,
endogenous elements themselves could be influenced by the integration of new regulatory
elements, which may affect the differentiation process, cellular behavior and function.
Several loci have been described to be ubiquitously expressed in hESCs and progeny,
including sequences highly homologous to the mouse Rosa26 locus and the AAVS1 locus,
which could be targeted through homologous recombination[11-13]. However, it should be
noted that transgene silencing can be lineage-specific and the effect of gene expression
following gene insertion in these loci have not been described for all mature cell-types.
Third, these strategies are always based on restricted regulatory elements, often based
on conserved elements between species. However, gene regulation is complex and can
be regulated through combinatorial distal and proximal elements that control the precise
expression pattern of a gene during development[14], and therefore detailed knowledge of
specific regulatory elements and their effect on gene regulation is required. The best way to
overcome these limitations is the development of a knock-in PSC line.
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1.2 Targeted Genome Editing

With targeted genome editing, a reporter gene is inserted into a specific site at the gene of
interest through homologous recombination[15]. In recent studies using cardiac reporter
lines in hESCs, sequences following the translation start codon of the gene of interest
were replaced in frame with the coding sequence of a fluorescent reporter gene, in the
presence of adjacent to a positive selection cassette. A targeting vector containing these
sequences are flanked by sequences homologous to the genomic regions at the 5’ and
3’ ends of the targeting site, required for homologous recombination[16, 17]. Sequential
excision of the selection cassette is recommended in order to prevent interfering regulatory
events at the targeted site[18]. One major disadvantages of this strategy is the generation
of haploinsufficient hPSC lines, since in one allele the targeted gene of interest has been
replaced with a fluorescent encoding protein. Therefore, it is important to have additional
information on whether heterozygote expression of the target gene may affect differentiation
and cellular functions. For example, studies in knockout mice or comparable strategies
in other species may provide this information. Alternatively, an internal ribosomal entry
site (IRES) or viral 2A peptide may be incorporated in the targeting construct in order to
allow expression and translation of both the endogenous as well as the reporter genes[19].
However, in case of the use of IRES, it has been shown by many researchers that transcription
of the second gene is less efficient than the first, which also depends on the strength of the
endogenous promoter[20, 21]. Viral 2A could be a superior alternative to the widely used
IRES. By using a short sequence, multiple proteins can be co-expressed from a single mRNA.
However, the disadvantage is that due to ribosomal cleavage of the 2A sequence, several
amino acids are added to the C terminus of the endogenous protein, and one amino acid is
added to the N-terminus of the reporter protein, which may have an effect on the function
or turnover of proteins[19, 22].

1.3 The Promise of Engineered Nucleases

Other site-specific genetic engineering methods that have raised interest in recent years
are engineered nucleases, including zinc-finger nucleases (ZFNs)[23, 24], transcription
activator-like effector nucleases (TALENS), or the most recently described clustered regularly
interspaced short palindromic repeats (CRISPR) technology[4]. Important considerations to
take into account when choosing a specific technology, include the size of the insertion
sequence, the risk for off-target modifications[25], and the prospected efficiency of the
targeting. CRISPR technology has shown high efficiency (up to 51-79% in hPSCs[26] and
reliability (low off target effects) in site-specific amino acid replacement, and is considered a
promising technique for disease modeling or for genetic repair. Moreover, compared to ZFNs
or TALENS, it only requires the generation of a single guidance RNA (sgRNA) molecule, CAS
nuclease mRNA, and a donor vector in case of an insertion, which makes it much less labor-
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intensive[5]. Jaenisch et al. have shown that the use of CRISPR/Cas9 can be successfully used
for the efficient generation of fluorescent gene reporters in mice[27]. Here, Cas9 mRNA,
sgRNA, and a donor vector containing a 3 Kb transgene cassette were injected into zygotes.
From the blastocyst stage-derived mESCs, 33% were correctly targeted. However, limitations
still exist and may be different in hPSCs; here, the insertion of large DNA constructs into the
genome has not been described yet. For CRISPR/CAS9 technology, limitations include the
variance in targeting efficiency, which depends on the size of the epitope or fluorescent
tag, the amount of targeting vector to be injected, cell type, cell cycle phase[28], and the
target locus, and will require model-specific optimization. More specific details are reviewed
elsewhere[4, 29].

In summary, several aspects are important to take into account for generating fluorescent
reporter lines, such as the amount of time and labor it takes to generate a line, the efficiency
of targeting, the choice for a replacement or a fusion strategy, random gene insertions from
lentiviral particles, the risk of silencing, the risk for off-target effects from nucleases, and the
size of the DNA construct (a fluorescent protein and/or selection cassette). An overview of
the genetic engineering methods that have been used to introduce reporter constructs in
PSCs for cardiac development/differentiation and transplantation studies can be found in
Table 1. So far, most cardiac fluorescent reporter PSCs have been generated through the
use of lentiviral or homologous recombination approach, although it is expected that future
studies will increasingly report generation of fluorescent reporter lines through the use of
engineered nucleases[4, 28].

2.1 Fluorescent Reporters to Study Segregation of Early Cardiac Progenitors
In Vivo Cardiac Development

Since differentiation of hPSCs to the cardiac lineage recapitulate the early steps of in vivo
heart development[30], a thorough understanding of the molecular cues and signaling
pathways of this developmental process is essential. The earliest precursors for heart-
forming cells are derived upon ingression of epiblast cells through the vertebrate primitive
streak. During this event, called gastrulation, cells undergo epithelial-to-mesenchymal-
transition (EMT) and form mesendoderm. They are marked by activation of transcription
factors, including T-box transcription factor brachyury T (BryT) and homeodomain
transcription factor MIXL1[31-33]. Another transcription factor, Eomesodermin (EOMES) is
restricted to the anterior region of the primitive streak[34], and together with BryT they
act upstream of bHLH transcription factor MESP1. In combination with low Nodal signaling,
this results in the transition from a mesendodermal stage to a more defined pre-cardiac
subpopulation, marked by MESP1[35-37]. Almost all cells of the final developing heart, but
also hematopoietic and skeletal myogenic lineages, are derived from MESP1-expressing
early progenitors[38, 39]. Recently, a more restricted cardiac progenitor cell population,
derived from Mespl, and marked by Smarcd3 was described[40]. However, information
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on the segregation and existence of intermediate cardiac progenitors is sparse. Based on
recent clonal analysis studies in mice, early cardiovascular lineage specification is described
to occur prior to, or during, Mesp1 expression[40, 41], which distinguishes the so-called first
heart field (FHF, which forms the initial heart tube, and later the left ventricle (LV) and some
of the right ventricle and atria) from the second heart field (SHF, marked by ISL1 expression,
which forms the right ventricle (RV), atria, and outflow tract[42]. FHF progenitors are
located within the so-called cardiac crescent, and following migration and fusion at the
midline, a primitive heart tube is formed. SHF cells are located medially and posteriorly
to the cardiac crescent and contribute to the formation of the heart at a later stage. In
the developing human heart, ISL1-expressing progenitors are described to differentiate to
different downstream multipotent heart progenitors that contribute to SHF-derivatives[43,
44]. In contrast, the highly conserved cardiac transcription factor NKX2-5 is first expressed
in the cardiac crescent, but later as well in SHF-derived cardiac cells. Expression of NKX2-5 is
maintained throughout the developing and adult heart[45].

In Vitro Cardiac Reporter Lines

A genetically modified mouse ES cell line, in which Mespl regulatory regions were
coupled to a GFP reporter, showed the ability to isolate and study early Mesp1-GFP cells
upon cardiac differentiation[46]. They identified the cell surface markers CXCR4, Flk1, and
PDGFRa to be specifically expressed in Mespl-progenitors in mice. Single cell clone analysis
demonstrated the heterogeneous expression of early cardiac genes, including Isl1, indicating
early segregation of Mespl progenitors into different downstream multi-potent cardiac
progenitors. This was confirmed by an in vivo study in mouse, where they showed early
segregation of the FHF and SHF, during MESP1 expression[41]. Recently, we characterized
for the first time human pre-cardiac MESP1-progenitors differentiating to the cardiac
lineage[16]. We performed targeting of the genomic locus of MESP1 through homologous
recombination by replacing one allele with a DNA sequence encoding for the fluorescent
protein mCherry. Microarray analysis of MESP1-mCherry positive cells largely revealed
similar transcriptional characteristics to those in mice. However, a clear difference between
mouse and human cardiac cell differentiations is that human MESP1 progenitors appear
to have a more demarcated mesodermal character, as only a small subset of early cardiac
genes is expressed in this population, including GATA4, MYL4, and MYL7. Interestingly, we
also identified the absence of surface markers that were previously identified on mouse
Mesp1-GFP progenitors[46]. Human MESP1 progenitors do highly express PDGFRa protein,
but not CXCR4, and only a low percentage expresses KDR, indicating the presence of a
PDGFRa+KDR- cardiac progenitor population, besides the previously described human
KDR+PDGFR+ cardiac progenitor[47].

As described above, the LIM-homeodomain transcription factor Isl1 is enriched in the
secondary heart field[42]. Mouse multipotent Isl1+ cardiac progenitors contribute to
endothelial, endocardial, smooth muscle, the conduction system, right ventricular, and
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atrial cardiomyocytes[43, 48]. By generating an in vitro Isl1-Cre Knock-in DsRed reporter
line in hESCs for lineage tracing construct it was found that human ISL1+ progenitors can
give rise to cardiomyocytes (cTnT), endothelial cells (PECAM1), and smooth muscle cells
(SM-MHC)[44]. Furthermore, this study, and several others, showed expansion of Isl1+
progenitors under activation of the Wnt/B-catenin-pathway([44, 49, 50]. More insight in the
ability to maintain and expand cardiac progenitors may provide an unlimited source of cells
committed to form cardiovascular cells.

As mentioned previously, NKX2-5 is a key cardiac transcription factor and is expressed in
heart precursor cells in the FHF, which are committed to the cardiac lineage[51]. Elliott
et al. designed a NKX2-5 fluorescent reporter line in hESCs, by targeting a DNA sequence
encoding for eGFP into the NKX2-5 genomic locus through homologous recombination[17].
Since NKX2-5 is activated in cardiac progenitors and expression is maintained in functional
cardiomyocytes at later stages, this reporter line is very suitable for studying the effect
of small molecules and growth factors during cardiac lineage differentiation from hESCs.
Indeed, following this approach, a more efficient, robust and defined differentiation protocol
was attained. In addition, Birket et al. recently showed in a MYC-inducible system expansion
of hESC-derived NKX2-5-eGFP+ progenitors for many passages through IGF-1 and hedgehog
signaling, from which different cardiac subpopulations, including nodal-like cells, could be
obtained[52]. Furthermore, using antibody arrays and gene-expression arrays, a cell surface
protein signal regulatory protein (SIRPA/CD172a) was identified as a marker for early
cardiac progenitor cells. Upon further differentiation, co-expression of SIRPA with VCAM1
was identified to specifically enrich for cardiomyocytes[17, 53]. Interestingly, SIRPA is not
expressed in the developing mouse heart, in contrast to the human heart, which highlights
the need to define markers in the human system. The previously described MESP1-mCherry
targeting was performed in this NKX2-5-eGFP hESC line, yielding a dual cardiac reporter
line (Figure 2)[16], which facilitates studying molecular pathways that are involved in
the early switch from hESCs to pre-cardiac mesoderm, and its subsequent differentiation
towards the cardiac lineage and specification into different cardiac subtypes. This could also
provide opportunities for monitoring cardiac-committed progenitors (MESP1+) to NKX2-5+
cardiomyocytes following transplantation in infarcted hearts (see section 3.1. Fluorescent
Reporters to Track Cells after Transplantation).

2.2 Fluorescent Reporters to Study Cardiomyocyte Derivation

The major cell types of the heart include ventricular and atrial cardiomyocytes, cardiac
conduction cells, vascular smooth muscle cells, endothelial cells (myocardium and
endocardium), and cardiac fibroblasts. Both for cardiac regeneration therapies and
biomedical applications it is important to establish defined scalable culture systems or tissue
constructs consisting either of pure cardiac cell populations or a well-balanced and controlled
mixture of cardiac cells resembling the composition and architecture of the human heart.
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However, current cardiac differentiation protocols result in a mixture of cardiac and non-
cardiac cell-types. Approaches to purify cell populations using fluorescent reporter lines
under the control of cardiac- and/or subtype-specific promoters have been first performed
in mESCs[54-57]. In hESC an alpha-MHC or NCX-1 promoter, coupled to either a fluorescent
protein (eGFP, mCherry), or the antibiotioc resistance gene, puromycin has been introduced
into the genome [6, 58-60]. In the study of Kita-Matsuo et al., a-MHC positive CMs were
selected in the presence of puromycin for 36 hours (day 12 to day 13.5), which yielded
92-96% pure CMs (based on quantifications of cardiac Troponin | immunostainings)[6].
Differentiation of NCX1-eGFP hESCs resulted in a maximum of +50% of NCX-1-eGFP+ CMs,
highly enriched for early and late cardiac genes, including NKX2-5, TBX5, cardiac troponin
T, MYH6, and MYH7[59]. However, as alpha-MHC and NCX-1 are both expressed in all types
of CMs, this results in a mixture of nodal, atrial-, and ventricular-like CMs. However, Both
NCX-1 (Na+/Ca2+exchanger) and alpha-MHC are widely expressed in all subtypes, resulting
in a mixture of nodal, atrial-, and ventricular-like CMs [6, 59].

2.2.1 Ventricular Cardiomyocytes

In order to select ventricular cardiomyocytes, promoter/enhancer elements of ventricular-
specific (or —enriched) genes, such as ventricular myosin light chain 2v (MLC2V) or IRX4
could be appropriate candidates for generating subtype-specific reporter lines[61]. MLC2V
expression is restricted to the ventricular segment of the developing human heart, followed
by expressed in the entire ventricular compartment in the adult heart[62]. It is noteworthy
that different cis-acting regulatory elements may be responsible for MLC2V expression in
either the left or right ventricle, indicating differences in the regulation of their derivation
and the possibility to identify and purify left (predominantly FHF- derived) or right ventricular
(predominantly SHF-derived) cardiomyocytes[45, 63]. Huber and colleagues generated
hESCs stable lines, using lentiviral vectors that expressed fluorescent protein eGFP under
the transcriptional control of a highly conserved 250 bp MLC2V promoter element[64].
This enabled a highly enriched population of ventricular-like cells, purified by FACS[65]. It
should be noted that the used promoter is dominantly active in right ventricular CMs[64].
Alternatively, the use of a drug resistance gene under the control of a ventricular-specific
promoter may be another strategy. A disadvantage of selecting ventricular CMs through
the MLC2V promoter is its low expression level in early stage hPSC-CMs. Substantial
MLC2V expression levels are displayed only after long-term cultures for approximately a
month, which is correlated to a higher degree of maturation [66]. Interestingly, most CM
differentiation protocols that exist show a preferred differentiation to the ventricular
lineage. However, it is not known whether these ventricular cells are derived from the same
or from different cardiac progenitor cells, and whether it is important for development of
directed differentiation protocols. The use of dual or multi-reporter hPSC lines may provide
better insights in this matter.
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2.2.2 Atrial Cardiomyocytes

Factors that determine fate specification of atrial cardiomyocytes are largely unknown[67],
although several atrial-specificor—enriched genes have beenidentified previously in different
species. For example, myosin light chain 2A (MLC2A) is initially expressed throughout the
tubular heart in the mouse embryo, and becomes only confined to the atrial segment during
chamber formation[45]. This is in contrast with human cardiac development, where MLC2A
transcript was found in both atria and ventricles at even later stages of development[62],
signifying the importance to understand the molecular mechanisms that are involved at the
different stages of human cardiac development in order to serve as a blueprint for directed
step-wise cardiac differentiation of hPSCs. Recently, the orphan nuclear receptor COUPTFII
was identified as an important regulator of atrial development in mice[67]. Upon in vitro
cardiac differentiation from hPSCs in the presence of retinoic acid, we recently demonstrated
that both COUPTFI and COUPTFII are involved in atrial cardiomyocyte derivation[68].
Moreover, both transcription factors were highly enriched in human atria at RNA and protein
levels during cardiac development and both genes may represent interesting candidates for
generating atrial-specific reporter hPSC lines. However, expression of COUPTFII can also be
found in venous/lymphatic endothelium, vascular smooth muscle cells, the endocardium,
and the epicardium[69].

2.2.3 Nodal-Like Cardiomyocytes

For understanding molecular pathways leading to differentiation of nodal-like hESC-CMs
and to allow their isolation, promoter-enhancer elements of several genes involved in the
development of nodal tissue have been used so far. Previously, in vivo studies in mice showed
selective activation of a chicken GATA6 (cGATA6) proximal promoter-enhancer element in
the atrioventricular (AV) node and the bundle of His of the adult mouse heart[70]. Zhu
and colleagues coupled this cGATA6 regulatory element to eGFP in a lentiviral construct
and subsequently transduced hESCs prior to differentiation (with a transduction efficiency
of only ~50%). By adjusting cardiac differentiation via inhibition of Neuregulin-1/ErbB
signaling, an increased proportion of nodal-like CMs were identified[71]. cGATA6-eGFP
positive cells exhibited action potential characteristics of a nodal-phenotype, indicated by
the increased expression of HCN4, responsible for the funny current If, and transcription
factor TBX3, important for in vivo specification of nodal tissue. Studies in mouse tested
Hcn4 promoter/enhancer elements to investigate the derivation of nodal-like CMs, in vitro
[72, 73]. Differentiating Hcn4-promoter-GFP mESCs resulted in only a small percentage
of Hcn4 positive cells (+1%) exhibited a pacemaker-like action potential after fluorescent-
based isolation[72]. Direct reprogramming of HCN4-GFP fibroblasts, using a combination
of four transcription factors (Tbx3, Tbx5, Gata6, and Rxra), robustly activated HCN4p-GFP
expressing cells, but without displaying electrical activity and no expression of sarcomeric
proteins[73]. Alternative approaches for directed differentiation including the use of RNA
molecules, such as modified mRNA, miRNAs, or IncRNAs are currently evaluated. Important
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to note is that at the cardiac crescent stage, Hcn4 is also expressed in early FHF progenitors
and immature cardiomyocytes[73-76], and only becomes confined to components of the
conduction system at later stages of development[77], which is of critical importance to
realize when studying the derivation of human conduction cells.

3 The Promises and Challenges of hPSC-derived CMs for Cellular Therapy
Initially, researchers focused on the potential of hPSC-derived CMs for cell replacement
therapy in experimental models of heart disease, such as myocardial infarction[78, 79].
In order to restore heart function and maintain long-term beneficial effects, sufficient
transplanted cells need to engraft at the site of injury, receive blood supply, and need to
couple and communicate with cardiac cells of the host myocardium in order to ensure
synchronous electrophysiological and contractile function. CMs derived from human
iPSCs would even provide an autologous source of cells for future cardiac regenerative
therapy[80]. However, heart repair by CM replacement appeared to be challenging and
many hurdles need to be taken. These promises and challenges for hPSC-derived cellular
therapies for the treatment of heart failures have been reviewed elsewhere[78, 79, 81]. One
crucial aspect that we would like to emphasize here, is the composition of the transplanted
cell population. Which cell type(s) or tissue constructs would be most ideal regarding cell
survival, tissue repair, engraftment, and functional coupling? For the delivery of organized
cardiac tissue we would require scalable cultures of different cell types, such as endothelial
cells, smooth muscle cells, cardiac fibroblasts, and cardiomyocytes[82]. Another important
aspect is the immature phenotype of hPSC-CMs. It is expected that a higher degree of
maturation of transplanted cardiomyocytes and thus a higher resemblance to the native
myocardium would pose a less arrhythmogenic risk[83]. For cellular therapy, these major
basic research challenges are important to be overcome.

3.1 FLuorescent Reporters to Track Cells after Transplantation

In cellular transplantation studies, it is crucial to monitor cell delivery, homing, survival,
proliferation, and migration of transplanted cells[84]. Another important aspect is
electrical coupling of transplanted cells with host myocardium at single cell level.
Impaired communication between transplanted and host cardiomyocytes may lead to
electrophysiological disturbances and consequently cardiac arrhythmias. In order to study
both homing and electrical coupling, the use of a dual reporter, combining bioluminescence
imaging and a fluorescent reporter under the control of a cardiac promoter has been
suggested[85]. However, most studies have used a single reporter line expressing either
GFP or LacZ in hPSC-derived cells[80, 83, 86, 87]. Alternatively, direct cell labelling with
fluorescent probes prior to transplantation, or local or systemic injections using non-invasive
radionuclide imaging, magnetic labelling, or optical mapping through bioluminescence
imaging are other options[85, 88]. Limitations for cell tracking that are important to consider
are the half-life of the tracking label, dilution effects during cellular division and the take-

34 CHAPTER 2

up of the label by other cells after donor cell death. More details on the advantages and
disadvantages of different cell tracking techniques are reviewed elsewhere[88].

3.2 Functional Integration

Functional integration of donor cells into host myocardium can be measured by the use of
fluorescent calcium dyes, such as small molecule fluo-4[86]. Calcium is a vital component
of cardiac excitation-contraction coupling. A wide range of small molecule calcium dyes
is available, with different excitation/emission spectra and affinities for calcium. When
choosing a calcium dye, the affinity for calcium should be taken into account, as low-affinity
calcium dyes will provide more accurate measurements of calcium dynamics (reviewed
elsewhere)[89]. Moreover, high affinity dyes may interfere with the physiological calcium
handling, affecting function of transplanted cells, and thereby not completely reflecting
the final engraftment conditions. Another option is the use of genetically encoded calcium
indicator proteins, which allows cell-specific calcium mapping over a long time period[90,
91]. This approach was recently followed in two studies where hESC-CMs were transplanted
in infarcted non-human primate hearts or guinea-pigs[83, 92]. Fluorescent calcium indicator
GCaMP3 was incorporated in hESCs at the adeno-associated virus integration site 1 (AAVS1),
a region of the genome that is considered to be transcriptionally constitutive active, using
zinc-finger nuclease (ZFN)-based genome editing. Here, they demonstrated electrical
coupling between donor cardiomyocytes and host myocardium. However, no significant
increase in ejection fraction was found and hearts suffered from ventricular arrhythmias. The
main advantages and drawbacks of the different fluorescent calcium-indicators described in
this section are reviewed elsewhere[89].

3.3 Cardiomyocyte Proliferation

For a long period of time, the field of cardiac regeneration has been focussing on exogenous
cell delivery and endogenous activation of cardiac cells to repair the damaged heart after
infarction[78, 79]. Many studies have indicated that long-term beneficial improvement of
cardiac function is an immense challenge.

Although several studies indicated a low proliferation rate of adult cardiomyocytes[93,
94], it is clear that mammalian adult cardiomyocytes have lost the capacity to regenerate
the heart after damage, as opposed to fish, amphibians and fetal or neonatal mammalian
cardiomyocytes[95, 96], therefore it is of importance to develop strategies that may lead
to proliferation of cardiac progenitors (followed by differentiation to cardiovascular cells)
and/or cardiomyocytes. Analysis of cell division could be performed through the use of live
mitosis markers, such as scaffolding protein anillin, which is a component of the contractile
ring that localizes to specific subcellular compartments during mitosis and cytokinesis.
Hesse et al. fused anillin to fluorescent protein eGFP, to visualize high spatiotemporal
resolution of mitotic phase, and proved a lack of cardiomyocyte division after myocardial
infarction (MI) in mouse hearts[97]. Similarly, a fluorescent anillin reporter would be very
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valuable for studying real-time cardiomyocyte cell division in vitro (Figure 3). In addition,
the fluorescence ubiquitination cell cycle indicator (FUCCI) is another system that enables
live-imaging of cell division, based on a two-color (red and green) fluorescent proteins fused
to cell cyle regulators ctl and geminin, which are differentially expressed and ubiquinated
dependent on the cell-cycle stage. This leads to a dynamic color change when cells are
progressing from the G1 to S phase of the cell cycle. In contrast to an anillin reporter, the
FUCCI system is not suitable for demonstrating cytokinesis[98].

4 The Promises and Challenges of hPSC-derived CMs for Disease Modeling,
and Drug Discovery and Toxicity Screenings

Besides the opportunity to use human stem cell-derived cardiac cells for cell-based therapies,
the utility of hPSC-CMs for disease modelling, drug discovery, and toxicity screenings has
been reported in a growing number of studies, allowing researchers to study patient and/or
disease-specific drug responses. hPSC-CMs are a promising alternative for animal models,
as they recapitulate native human cardiomyocytes, indicated by expression of cardiac-
specific genes and proteins, morphology and function. Further, they beat spontaneously,
they possess calcium transients and they generate action potentials that are specific for
atrial, ventricular, and nodal cells[99]. However, the use of hPSC-CMs as a platform for drug
discovery need further optimization and validation and thus requires the development of
tools to faithfully recapitulate cardiac physiology and function at high throughput level[100,
101]. One of the major significant challenges that scientists are facing is the mixed population
of cardiac cells that are obtained from directed differentiation protocols

[100, 102-104]. Therefore, it will be important to generate specific differentiation protocols
in order to obtain sufficient numbers of disease-relevant subtypes of cells, which is described
in detail in a previous section. Moreover, for development of advanced 3D cardiac cultures
with the purpose to increase the predictability of screening assays by mimicking the heart
more accurately, it is important to understand the cardiac microenvironment, including
cellular and non-cellular compositions and cell-cell interactions[100].

4.1 Cardiomyocyte Electrophysiology: Voltage and Calcium Dyes

Currently published hPSC-CM disease models, including channelopathies, cardiomyopathies,
and metabolic cardiac disorders, show affected (drug-induced) action and field potentials,
calcium signalling, disorganized sarcomeric structures, and metabolic abnormalities such
as irregular lipid or glycogen levels[105-107]. Intracellular electrophysiological recordings
of single cell hPSC-CMs by patch-clamp analysis provide detailed information about their
action potential and the contribution of the ion channel currents. This has gained interest,
since recent development of automated medium to high-throughput whole-cell patch-
clamp chip recordings[108]. An alternative approach for this labour-intensive technology
is extracellular non-invasive recordings using microelectrode arrays (MEAs), which is
appropriate for long-term electrophysiological analysis, and is available for high-throughput
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screening. This will allow analysis of CM depolarization and repolarization from multicellular
field potential recordings. In addition, the use of voltage-sensitive dyes represents a
technology to monitor real-time electrophysiological activity at high temporal and spatial
resolution[109]. These fluorescent reporters reside within the cell membrane and are able
to monitor membrane potential, based on fluctuating fluorescent intensities. As these
measurements can be performed at high throughput level, voltage-sensitive dyes-based
assays are of high interest for drug screening in conditions that affect electrophysiological
properties, such as channelopathies or drug-induced cardiotoxicity (see below). In addition,
calcium handling is another important functional parameter of CM electrophysiology, for
which fluorescent dyes and reporters are available. Calcium signalling in CMs is crucial for
excitation-contraction coupling. During the action potential there is a calcium influx into
the cell through activation of L-type voltage-gated Ca2+ channels. This results in calcium-
induced calcium release from intracellular stores of the sarcoplasmic reticulum leading
to contraction. Uptake of calcium from the sarcoplasm to the sarcoplasmic reticulum (in
addition to other mechanisms that lead to reduced sarcoplasmic calcium levels) ends the
contraction. Fluorescent calcium dyes, also described in a section above, include small
molecules such as Fluo-4, Fluo-3, or Fura-2, or the more technical challenging Fura-4F,
which has the advantage of a lower affinity for calcium binding, but requires switching
between emission filters when calcium concentrations change[110]. Using small molecule
calcium dyes, several studies have reported affected calcium handling in hPSC-CM disease
models[107]. In the majority of disease modelling studies, single parameters are measured
in a sequential manner. However, in order to thoroughly understand the deeper mechanisms
behind the onset of disease and its phenotype outcome, it will be of interest to measure
different crucial parameters simultaneously. The combination of fluorescent reporter/dyes
with non-overlapping spectra, and technological advances in LED illumination and optical
filters, will make this feasible for future applications.

4.2 Cardiac Toxicity

Drug-induced cardiotoxicity of both cardiac and non-cardiac drugs is a major problem in the
process of drug development and may lead to unexpected life-threatening situations[111].
For the identification of cardiotoxic effects of drugs, it is important to understand the
underlying mechanisms[112]. Since current animal models and cell lines lack sufficient
predictability, hPSC-CMs may represent a valuable human-based in vitro model for preclinical
cardiotoxicity screenings. Cardiomyocyte functional readouts may include calcium and
voltage levels, sarcomere contraction forces and organization, ion channel functioning, CM
apoptosis, mitochondrial damage, or other putative affected signalling pathways. Cellular
mechanisms that have been associated with cardiotoxicity include genotoxicity, oxidative
stress, apoptosis, and lipid peroxidization[113, 114]. Automated microscopy platforms
in combination with fluorescent reporters/dyes enable quantification of a variety of
cardiotoxic effects, such as nuclear fragmentation or caspase 3 activity to detect apoptosis,
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mitochondrial membrane potentials[115-117], biochemical kinase assays based on FRET
technology or specific signalling pathway analysis based on reporter assays fluorescent
probes to measure cellular oxidative stress[118, 119], or fluorescent probes to measure
superoxide, produced by mitrochondria under ischemic/oxidative stress conditions[120,
121]. Companies from whom such assays are available include Toxys, LifeTechnologies
(Cellular Pathway Analysis Assays or CellROX), or Cyprotex. In recent years, the availability
of disease-specific hPSC-CMs is growing, which allows new opportunities in the field of
drug development and discovery. The demand for human-based standardized and validated
cardiotoxicity assays is high and the development of reliable and sensitive pathway-specific-
fluorescent reporter lines in well-characterized hPSCs in the combination with high content
screening analysis methods, will be promising for medium- or high-throughput screenings
of cardiotoxic side effects in the field of drug discovery[115, 122].

4.3 Optogenetics

A rapidly emerging field in biotechnology is optogenetics, which allows spatiotemporal
activation of signalling cascades using green algae-derived light-sensitive cation channels,
the so-called channelrhodopsins (ChR)[123]. Following activation with blue light these
ChR allow the inward transfer of ions, leading to depolarization and local induction and
propagation of action potentials in cardiomyocytes[124, 125]. This optogenetic approach
can be followed to control electrical stimulation of heart muscle and to study subsequent
cellular physiological responses under healthy and diseased conditions[123, 125, 126].
Moreover, by generating hPSC-derived channelrhodopsin-expressing nodal cardiomyocytes
the realization of a light-activated bio-pacemaker may be feasible in the future. In addition,
a recent innovative approach has been developed based on G-protein coupled receptors
(GPCRs) containing motifs enabling light-induced spatiotemporal activation of GPCR-
dependent pathways[127-129]. This will lead to a more in-depth understanding of specific
intracellular signalling pathways in development, differentiation, and disease, and allows
the identification of GPCRs and their downstream intracellular signalling cascades as
therapeutic drugs target(s). Attributable to its ability to precisely control specific signalling
pathways, optogenetics is a very promising technology for development of new assays in
the field of drug development and toxicity, especially in combination with future 3D-disease
modelling.

5 Cardiomyocyte Maturation and Sarcomeric Structures

One of the biggest challenges for the use of hPSC-CMs for preclinical drug screening is to
increase the degree of maturity of hPSC-CMs[130]. Although morphological and functional
aspects of hPSC-CMs resemble those of fetal cardiomyocytes, they still show a lack of
maturity; hPSC-CMs are smaller in size, their sarcomeres, the smallest contractile units of
striated muscles, have shown to be less organized when compared to adult CMs, they exhibit a
lower contractile force and immature electrophysiological properties, and their metabolism
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is based on glycolysis, whereas adult CMs mainly use fatty acids as metabolic substrate[130,
131]. The lack of a mature phenotype may affect mechanistic and functional aspects of hPSC-
CMs and consequently may result in a different drug-induced or disease-specific response.
A higher degree of maturity is therefore most likely important for disease modeling and
drug screening[100, 132]. Strategies to increase maturation in order to mimic human adult
cardiomyocytes are followed with much interest. In addition, sarcomeric organization
can be affected in hPSC-CM disease models and drug-induced cardiotoxicity[107]. It will
therefore be of interest to study the organization of sarcomeric structures in hPSC-CMs
with respect to the degree of maturation, and disease- and/or toxicity-induced sarcomeric
disorganization (Figure 4). In order to allow live-imaging for detailed analysis, a reporter line
harbouring a fluorescent protein fused to sarcomeric proteins, may be a valuable additional
tool, provided that the fusion protein will not affect cardiomyocyte function[133].

6 Conclusions and Future Outlook

Here, we reviewed the role of fluorescent hPSC reporter lines to our growing insights
into cardiac differentiation, and their applications in the fields of cardiac regeneration,
drug discovery, and toxicity screening. Fluorescent hPSC reporter lines have shown their
advantages in the development and optimization of efficient cardiac differentiation protocols
and will also be of high interest for deciphering the molecular signatures and mechanisms of
differentiation of cardiac subtypes (Table 2a), using technologies such as epigenetics (histone
modifications, chromatin dynamics), transcriptomics, proteomics and metabolomics[134].
The use of dual- or multi-fluorescent reporter lines will have an additional advantage. In this
manner, sequential lineage decisions can be visualized in real-time, which can be combined
with in-depth molecular and functional single cell analysis[135].

A deeper understanding of the processes that determine maintenance and self-renewal of
cardiac progenitors and thereby may provide an unlimited source of functional cardiac cells,
will constitute an important contribution for the advancement of the fields of regenerative
medicine, drug discovery and safety pharmacology. The identification of cell surface
markers on specific cardiac cell subtypes allows enrichment of cardiomyocytes through cell
sorting, which will be advantageous for the development of robust and validated assays
for cardiomyocyte biology and/or function and for cell-based transplantation studies. In
addition, improved knowledge on expansion and differentiation of cardiac progenitors may
have far-reaching implications for the discovery of new therapies with a focus on activation
of endogenous cardiac progenitors for the treatment of heart failure. In the context of
heart repair it will also be of importance to visualize other biological processes such as
cell death (necrosis and apoptosis) and the formation of cell-types following differentiation
within their own lineage or as a result from switching cellular fate (e.g. via directed
reprogramming). In this regard, subcellular labeling of cells using fluorescent proteins fused
to specific localization signals, which target different organelles or compartments of the cell
(e.g. membrane, cytosol or nucleus), offer an additional advantage for identification and
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tracking of transplanted cells in complex multicolor labeling experiments.

We have discussed the advantages of fluorescent reporters in cell-based transplantation
studies, indicated by the possibility to visualize engrafted cells (i.e. homing and survival)
and to study functional integration and maturation into the host myocardium (Table 2b).
Combination of these fluorescent reporter lines with other advanced reporter lines, such
as those based on optogenetics, enables studying specific signalling pathways in a temporal
spatial manner. Inthiscontextthe use ofthelight-sensitive cationchannels, channelrhodopsins
(ChR), derived from green algae, allow the inward transfer of ions following activation with
blue light, leading to depolarization of cardiomyocyte and local induction of action potentials
that are propagated to electrically coupled neighbouring cells[124, 125]. This optogenetic
approach can be followed to control electrical stimulation of heart muscle and to study
subsequent cellular physiological responses under healthy and diseased conditions[123,
125, 126]. Moreover, by generating hPSC-derived channelrhodopsin-expressing nodal
cardiomyocytes the realization of a light-activated bio-pacemaker is one step closer. Besides
the in vivo applications, these reporter-based strategies have an important role for the
further development and optimization of human in vitro assays for drug discovery, safety
pharmacology and disease modelling.

Finally, use of reporter-based assays and cardiac cell-types facilitates the development of
three-dimensional (3D) tissues or organ-like structures for tissue engineering and generation
of highly advanced models that are more closely resembling the human heart using a
multidisciplinary approach. It will be intriguing to see how, among others, the emerging
and widely discussed 3D bioprinting technology may contribute to achieve this goal. In
addition to cardiomyocyte subtypes, additional cardiac cell-types, including vascular cells
and fibroblasts and the right composition of extracellular matrix components need to be
included in order to generate these structures. Clearly, many hurdles need to be overcome,
but increased interest of academia and industry in the use of human stem cell-based assays
(Table 2c) will stimulate this field and likely increases the pace of its development, which will
be a big step forward in improving efficient, cost-effective and safe drug development and
effective therapies for the treatment of cardiac diseases.

ACKNOWLEDGEMENTS

We thank Marcelo C. Ribeiro for acquiring CM images for Figure 4 in this review. S.C.D.H.
was supported by the Rembrandt Institute for Cardiovascular Science. R.P. by ZonMw-
MKMD-40-42600-98-036.

40 CHAPTER 2

FIGURES

T Fluorescent Reporters

A &V
8 <« R —

Tl B NS R e
Xicity Assays rdiac Cell Subty, Regeneration

- Calcium dynamics - Early progenitors (MESP1) - Cell tracking (survival, homin
- Voltage changes - CMs (NCX-1, NKX2-5) imegraﬁon)g g 9
- Action potential - Ventricular CMs (MLC2V) - Electrical coupling with host
- Sarcomeric organizations - Specific surface markers myocardium
- Specific signalling pathway - Maturation
activation/damage - Proliferation
- Oxidative stress
- Apoptosis
- Cell Viability

Figure 1. Schematic overview of Functional Applications of Human Fluorescent Reporter Lines for Cardiac

differentiation and Cardiac Disease and Toxicity.

MESP1-mCherry+

NKX2-5-eGFP+
>
v
c
[J]
&
g
S
=
[T
Cardiac Progenitc
Day 0 Day 2-4 Day 6 Day 9 Day 14

Cardiac Differentiation Timecourse

Figure 2. Dual Cardiac Fluorescent Reporter Line MESP1-mCherry-NKX2-5-eGFP in hESCs allows visualization and
isolation of pre-cardiac mesoderm MESP1+ progenitor formation from hESCs, and their further differentiation to

NKX2-5-eGFP+ derivatives, marking early cardiac progenitors and cardiomyocytes. Den Hartogh et al. Stem Cells, 2015.

Fluorescent reporters in human pluripotent stem cells 39



*saul| 41o1o0daa Juddsalonyy Sunesauas oy sayodeosdde Juasayip syl Jo saSejuenpesip pue sasejuenpy ‘T d|qeL

S]09YJ8 UOIISOd - piwseld Jo
payodal aq ueo suoibai Aiojeinbal jlews AjuQ - AKianijop auab [elin-uoN - uoI}09j08[onu Jo uonelodosos|] - plwse|d
so)is Lejs [euonduosuel) Jeau uonelBajul Joj 3siy - sjuswia|e able| jo AleAle(q -
uonisodsuel) aAnoeladAy Joj sty - K1anijap suab [elin-uon - sjuaw|e onduab 3|Iqo - suosodsuel]

‘[oAs)] uoissaidxa suab pue ‘uoneiBbajul Jo ajis ‘Jlequunu Adod Jo |01uod ON -
suoneoldde oA ul oy AluQ -

suoljouny suab Jayjo jdnusip Aew uoneibsjul wopuey - pidey -
SjosYe UOIISOd - jonzsuoo tapodal
paiinbai sauojo a|dnnw jo sisAjeue snyj ‘Buiousiis 1oy ysiy - uonelBbajul jo Lousioyys ybIH - Buurejuoo sajoied Buibexoed [euip - SnJIAuST

Joejul Ae)s saje|je snousbopug -
payodal o@ouanbas ojwoush abie|
sjuswiajd Qg pajuswibel) Jo uonelbajul Wwopues Joj ysii ‘s|qe)su] - aq ueo sjuswisje Aioje|nbas abe - € Jo uopeiBajul wopuey - ova uoneiBajul wopuey

Juswaoe|dal pioe

oujwe oyoads-ayis ul Juspiye AlYBIH - (6SYD/4dSIND) waishs
suonesyipow Jo61e}-Jjo 1o} Siy - VNubBs (YN¥Bs) ¥NY 2ouepinb s|bulg - sjeaday olwolpuljed Hoys
sjuaws|e ab.e| Joj uoneziwndo salnbay - ay) Jo uonesauab ay) Ajuo salinbay - S9SE3[ONUOPUS GSED - paoedsiaju| Alojenbay pasisn|d

piwseld Jouo( -
auab sy Jo sjs||e auo Jo uondnusiq - os(oa1d pue jusioyg - uiewop sbeaes|o (SN3TV.L) Sesesjonu 10josye
snoo| uo spuadsp Aousioy3 - uossaidxs Jepodas sush snousBopug - 0} pasny sulewop Buipuig-yNQ Jo Jied - oji|-10)eAioe uonduosuel |

piwseld Jouo( -
ausb ayj Jo sj9]je auo Jo uondnisiq - asi0a1d pue Jusioy3 - |Mod asesjonuopus (sN42)
snoo| uo spuadap Aousioly3 - uoissaidxa Japodal auab snousbopul - 0} pasny suigjold Bulpuiq ¥NQ Jo Jied - saseajon Jebui4 ouiz

uolbal jobiey

auab ay} Jo s|9||e duo jo uondnisiq - punole suwe ABojowoy abie| Buiurejuoo a)e|dwa) Jouop YN Yim
snooj uo spuadap Aousowg - uoissaidxa Jepodal sush snousbopug - jonJ)suoo Ja61e) Jo uonelodosjos|g - uoleulquiooal snoBojowoH uoisnyd/unjoouy
sabejueapesiq sabejueapy ainjesy} A3y poyjaw bunabiel

S

n

-Anill

&

Alpha-actinin in matured day 30 hiPS-CMs

eGFP
phase

5 G2-

phase
| Telophasel Anaphase | Metaphasel Prophasel

S-phase
Cell Cycle

@
/

Early G1-phase

Late G1-phase
Figure 4. Sarcomeric organization in hiPS derived Cardiomyocytes improves upon maturation.

Figure 3. Fluorescent Proliferation Marker eGFP-Anillin.

Alpha-actinin in day 30 hiPS-CMs

41

Fluorescent reporters in human pluripotent stem cells

CHAPTER 2

40



)
o
c
©
5]
I
O
£
€
3
Q
5
©
Z
S 2 i) @
...M — Q »n m
N -2 o = =
= 00 =5 = [=))
= S 2 1)
aF o= 3 Q
o5 E c = ©
E< O (] (0] c o)
ag & 3 £ 8
Egf 3 59 z O
=2 3 P D O > c
S > =] = [0}
ma$4 = o= © D
|2 8 ® @ S o <
§>:5 S X C IS
ElIs3>5 o© = > ©)
ol 2 n - 2 Q
== E - o) n .S 17 2
wwun/__ o)) £ O ® =
a.ma © CA o o
St & = [5] ) ©
e..mau o oZ @ [J)
s|lEow > IO (@] e
8
E=
c
[9)
©
0 Q W
S c 17 @® 17
© ®© ® ] )
c — (%] s
N = B > I
£ 3] a B Y
>\ 5 s .8 S =
sl & 2 > 3 3
0 = = (@) =
] © © ) Q X
< O = O < (©)

Ki-67

eGFP-Anillin localizations

PHH3 stainings

Cell proliferation

o _
= =
= 3]
c = -—
= @ ©
Za =
2¥< £
Q > @
+= @ n
£ 0 7]
- @ ©
c @© )
O c Q >
08 £8
mm Q -
o N (O
2 53T o 9]
£ =% S 5
= 598 92
© S 9 c
- c O 25
2] o Qo o
@ 2= 52
fust am U%
o Q@ .nluS = =
N £ = o
A = 0 O w®
Sw c o ”m
35 S ==
> ]
Oow g £o
-
c
Ke]
©
2 =
s E
=
© Q
N e 2
= [
@© © =
> il
- = Qo c =
> © =0 ®
e m.ﬂ o
Q= =G (o)}
o9 2N c
£ € e =
o 9 o X ®©
o 9 © 9 c
> © £ 0 2
I » S 0L ()

Table 2c. Fluorescent reporter lines for disease modeling, drug discovery, and toxicity.

‘Adesayy se|nj|a 4o} saul| Jay0das Juadsalony4 ‘qe djqeL

SOljaUI JJO-UO MOJIS O} anp sl asuodsals mo|S

uonespuad anssi) pajwi]

(o1uo Ul pasn yi) siexyewaded Jo asn auyy

ypm s|qiredwoou ‘buibew jo 3509 ybiy ‘AjAnisuss moT
Buiyoel) |90 ways wis)-6uo| oy pasn ag jou ued

uoISIAIp |22 uodn uonn|ig

wnipJesoAw jsoy yim Bulidnod [eoLoafe Uo SAIBLIOJUI JON

wnipJesoAw }soy yym Buiidnod [eau}os|e uo aAiew.oul JON
abejueapesiq

wnipJesoAw }soy yym buiidnoo [eouos) -
S|9pOW OAJA U] 10§ JOJEDIPUI WINIDED [ESP] -
Buiddew wniojeo ayoads-||8) -

awly asuodsal jse -

wnipJesoAw jsoy yym Buidnoo |eouyos|q -
Buiwoy BuiApnys 1oy poos)

}SBJJU0D BNSS(}-140S JUS|[80X]

BAl}ISUSS

suoneoyipow oieuab 1oy pasu oN

uonelbajul pue Buiwoy BuiApnis 1oy poos)

Buiwoy BuiApnys 1oy poos)
abejueapy

J0)edIpul WNI9ED €4INEDD Papodus Ajledneuss
$-on|4 9Ap wnio[e) uoijelBajul [euondung

aousosiujwn|olq - buiddew [eaildo

Buyjjaqe| onaubep

BuiBew! apijonuolpel SAISBAUI-UON

sagoud juaosaiony yum Buljage 199 10811Q

uoissaldxe d49 aAN}suU0D

uoissaidxa zoeT aAnsuo) BuiwoH/Buyoel] |89

*PI3Y JeIpJed 3y} ul saul| 1930das Juddsasonyy uewny paysijgnd Ajpuaiun) “eg ajqeL

d4998 Juswbeyy Jajowoid gejen uaxolyy adAjousyd-jepoN

1L [eAIARUa wopuey SOS3H ZH
69 [BAIADUST wopuey  (gseH pue gH) OS3Y/ LLO pue ZeD) Sd!
9 [BAIADUST wopuey oS3y
09 |ediAnuaT wopuey £-S3NH
9 |ediAjuaT wopuey 2'6H OS3y
L1 Jonujsuod Bunabiel unjoou - ¥H L-T3N pue €-S3H
144 plwseld /jonjsuod Bupebiel  wopuey / upoouy - ¥H 6H /€S3NH
9 [eAIAnUS] wopuey oS3y
9l jonysuod Bunebier ujoouy - ¥H €-S3H d499-G-2XIN
ERIEIETEN] snJiA/pluseld  uonesBajul Jo poylapy aul| |19

d499
upAwoind Jo ‘Ausypw ‘4499
waysAs auab apoins (ADD

PIASH) JinojoloueB-/aseunsy sulpiAy} sniiA xa|dwis
sad1ay-53Y|-d499 10 ‘UIAWoINd-SIY|-d499

JuswiBeyy Jajouiold

sjuswbely Jojowold

jJuswbeyy Jajouold

L-XON

(DHW) ureyo Aneay uisoAw o

(OHW) uteyo Areay uisoAw o

d499 Juswbeyy Jojowoid AZOTN SIND
d4998 snouabopug S-2XMN

1SIN-Padsa-xo-9v0d / oind-s3¥|-010 :Buroes) snousbopu3 18I $3dd
d499 sjyuswbely Jejowold 1 finAyoelg

d499 / Asygw :reng snouabopuz S-2XN‘LdSIN wisposaiy

Bej uonosjaguadsalon|y

sjuawala Aioje|nbay

3ud9

43

Fluorescent reporters in human pluripotent stem cells

CHAPTER 2

42



REFERENCES

10.

46

Takahashi K, Yamanaka S. Induction of Pluripotent
Stem Cells from Mouse Embryonic and Adult
Fibroblast Cultures by Defined Factors. CELL
2006;126(4):663-676.

Burridge PW, Keller G, Gold JD, et al. Production of
de novo cardiomyocytes: human pluripotent stem
cell differentiation and direct reprogramming.
CELL STEM CELL 2012;10(1):p16-28.

Giudice A, Trounson A. Genetic Modification of
Human Embryonic Stem Cells for Derivation of
Target Cells. CELL STEM CELL 2008;2(5):422—-433.
Sander JD, Joung JK. CRISPR-Cas systems for
genome editing, regulation and targeting. NAT
BIOTECHNOL 2014;32(4):347-355.

Harrison MM, Jenkins BV, O’Connor-Giles KM,
et al. A CRISPR view of development. GENETICS
2014;28(17):1859-1872.

Kita-Matsuo H, Barcova M, Prigozhina N, et al.
Lentiviral Vectors and Protocols for Creation of
Stable hESC Lines for Fluorescent Tracking and
Drug Resistance Selection of Cardiomyocytes.
PLOS ONE 2009;4(4):e5046.

J BURKE les, BANIAHMAD A. Co-repressors 2000.
THE FASEB JOURNAL 2000;14(13):1876-1888.

Xia X, ZhangY, Zieth CR, et al. Transgenes Delivered
by Lentiviral Vector are Suppressed in Human
Embryonic Stem Cells in A Promoter-Dependent
Manner. STEM CELLS AND DEVELOPMENT
2007;16(1):167-176.

MacArthur CC, Xue H, Van Hoof D, et al. Chromatin
Insulator Elements Block Transgene Silencing in
Engineered Human Embryonic Stem Cell Lines at a
Defined Chromosome 13 Locus. STEM CELLS AND
DEVELOPMENT 2012;21(2):191-205.

Pikaart MJ, Recillas-Targa F, Felsenfeld G. Loss
of transcriptional activity of a transgene is
accompanied by DNA methylation and histone
deacetylation and is prevented by insulators.

GENETICS 1998;12(18):2852-2862.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Costa M, Dottori M, Ng E, et al. The hESC line Envy
expresses high levels of GFP in all differentiated
progeny. NAT METH 2005;2(4):259-260.

Irion S, Luche H, Gadue P, et al. Identification
and targeting of the ROSA26 locus in human
embryonic stem cells. NATURE BIOTECHNOLOGY
2007;25(12):1477-1482.

Hockemeyer D, Soldner F, Beard C, et al. Efficient
targeting of expressed and silent genes in human
ESCs and iPSCs using zinc-finger nucleases.
NATURE BIOTECHNOLOGY 2009;27(9):851-857.
van Weerd JH, Badi |, van den Boogaard M, et al.
A large permissive regulatory domain exclusively
controls thx3 expression in the cardiac conduction
system. CIRCULATION RESEARCH 2014;(115):432—
441.

Davis RP, Grandela C, Sourris K, et al. Generation
of Human Embryonic Stem Cell Reporter Knock-In
Lines by Homologous Recombination. Hoboken,
NJ, USA: John Wiley & Sons, Inc.; 2007.

Hartogh Den SC, Schreurs C, Monshouwer-Kloots
JJ, et al. Dual Reporter MESP1 mcCherry/w-
NKX2-5 eGFP/whESCs Enable Studying Early
Human Cardiac Differentiation. STEM CELLS
2014;33(1):56-67.

Elliott DA, Braam SR, Koutsis K, et al. NKX2-
5eGFP/w hESCs for isolation of human cardiac
progenitors and cardiomyocytes. NAT METH
2011;8(12):1037-1040.

Davis RP, Costa M, Grandela C, et al. A protocol
for removal of antibiotic resistance cassettes from
human embryonic stem cells genetically modified
by homologous recombination or transgenesis.
NATURE PROTOCOLS 2008;3(10):1550-1558.
Trichas G, Begbie J, Srinivas S. Use of the viral 2A
peptide for bicistronic expression in transgenic
mice. BMC BIOLOGY 2008;6(1):40.

Mizuguchi H. IRES-Dependent Second Gene

Expression s Significantly Lower Than Cap-

CHAPTER 2

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

Dependent First Gene Expression in a Bicistronic
Vector. MOL THER 2000;1(4):376-382.

Hasegawa K, Cowan AB, Nakatsuji N, et al.
Efficient Multicistronic Expression of a Transgene
in Human Embryonic Stem Cells. STEM CELLS
2007;25(7):1707-1712.

de Felipe P, Luke GA, Hughes LE, et al. E
unum pluribus: multiple proteins from a self-
processing polyprotein. TRENDS BIOTECHNOL.
2006;24(2):68-75.

Urnov FD, Rebar EJ, Holmes MC, et al. Genome
editing with engineered zinc finger nucleases. NAT
REV GENET 2010;11(9):636-646.

Wang Y, Zhang WY, Hu S, et al. Enlightened
Stem Cells in the Heart: More Efficient and Safer
Reporter Gene Imaging. CIRCULATION RESEARCH
2012;111(12):1486-1487.

Veres A, Gosis BS, Ding Q, et al. Low Incidence of
Off-Target Mutations in Individual CRISPR-Cas9
and TALEN Targeted Human Stem Cell Clones
Detected by Whole-Genome Sequencing. CELL
STEM CELL 2014;15(1):27-30.

Ding Q, Regan SN, Xia Y, et al. Enhanced Efficiency
of Human Pluripotent Stem Cell Genome Editing
through Replacing TALENs with CRISPRs. CELL
STEM CELL 2013;12(4):393-394.

Wang H, Yang H, Shivalila CS, et al. One-Step
Generation of Mice Carrying Mutations in
Multiple Genes by CRISPR/Cas-Mediated Genome
Engineering. CELL 2013;153(4):910-918.

Lin S, Staahl BT, Alla RK, et al. Enhanced homology-
directed human genome engineering by controlled
timing of CRISPR/Cas9 delivery. Weigel D, ed. ELIFE
SCIENCES 2015;3:e04766.

Ran FA, Hsu PD, Wright J, et al. Genome
engineering using the CRISPR-Cas9 system.
NATURE PROTOCOLS 2013;8(11):2281-2308.
Beqgqali A, Kloots J, Ward-van Oostwaard D, et
al. Genome-Wide Transcriptional Profiling of
Human Embryonic Stem Cells Differentiating to
Cardiomyocytes. STEM CELLS 2006;24(8):1956—
1967.

Fluorescent reporters in human pluripotent stem cells

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Pearce JJH, Evans MJ. Mml, a mouse Mix-like gene
expressed in the primitive streak. MECHANISMS
OF DEVELOPMENT 1999;87(1-2):189-192.

Robb L, Hartley L, Begley CG, et al. Cloning,
expression analysis, and chromosomal localization
of murine and human homologues of aXenopus
Mix gene. DEV. DYN. 2000;219(4):497-504.
Herrmann BG. Expression pattern of the Brachyury
gene in whole-mount TWis/TWis mutant embryos.
DEVELOPMENT 1991;(113):913-917.

Ciruna BG, Rossant J. Expression of the T-box gene
Eomesodermin during early mouse development.
MECHANISMS OF DEVELOPMENT 1999;81(1-
2):199-203.

Costello I, Pimeis| I-M, Drager S, et al. The T-box
transcription factor Eomesodermin acts upstream
of Mespl to specify cardiac mesoderm during
mouse gastrulation. NATURE CELL BIOLOGY
2011;13(9):1084-1091.

van den Ameele J, Tiberi L, Bondue A, et al.
Eomesodermin induces Mespl expression and
cardiac differentiation from embryonic stem cells
in the absence of Activin. EMBO REPORTS 2012:1—
8.

David R, Jarsch VB, Schwarz F, et al. Induction
of MesP1 by Brachyury(T) generates the
common multipotent cardiovascular stem cell.
CARDIOVASCULAR RESEARCH 2011;92(1):115-
122.

Saga Y. MesP1 is expressed in the heart precursor
cells and required for the formation of a single
heart tube. DEVELOPMENT 1999:1-11.

Chan SS-K, Shi X, Toyama A, et al. Mesp1 Patterns
Mesoderm into Cardiac, Hematopoietic, or Skeletal
Myogenic Progenitors in a Context-Dependent
Manner. CELL STEM CELL 2013;12(5):587-601.
Devine WP, Wythe JD, George M, et al. Early
patterning and specification of cardiac progenitors
in gastrulating mesoderm. Bronner ME, ed. ELIFE
SCIENCES 2014;3:e03848.

Lescroart F, Chabab S, Lin X, et al. Early lineage

restriction in temporally distinct populations

47



42.

43.

44.

45,

46.

47.

48.

49.

50.

51.

48

of Mespl progenitors during mammalian
heart development. NATURE CELL BIOLOGY
2014;16(9):829-840.

Buckingham M, Meilhac S, Zaffran S. Building the
mammalian heart from two sources of myocardial
cells. NAT REV GENET 2005;6(11):826—-837.
Moretti A, Caron L, Nakano A, et al. Multipotent
Embryonic Isl1+ Progenitor Cells Lead to
Cardiac, Smooth Muscle, and Endothelial Cell
Diversification. CELL 2006;127(6):1151-1165.

Bu L, Jiang X, Martin-Puig S, et al. Human
ISL1  heart progenitors generate diverse
multipotent cardiovascular cell lineages. NATURE
2009;460(7251):113-117.

Rosenthal N, Harvey RP. Heart Development and
Regeneration. Academic Press; 2010.

Bondue A, Tannler S, Chiapparo G, et al. Defining
the earliest step of cardiovascular progenitor
specification during embryonic stem cell
differentiation. THE JOURNAL OF CELL BIOLOGY
2011;192(5):751-765.

Kattman SJ, Witty AD, Gagliardi M, et al. Stage-
Specific Optimization of Activin/Nodal and BMP
Signaling Promotes Cardiac Differentiation of
Mouse and Human Pluripotent Stem Cell Lines.
CELL STEM CELL 2011;8(2):228-240.

Laugwitz K-L, Moretti A, Lam J, et al. Postnatal
isll+ cardioblasts enter fully differentiated
cardiomyocyte lineages. NATURE CELL BIOLOGY
2005;433(7026):647-653.

Qyang Y, Martin-Puig S, Chiravuri M, et al. The
Renewal and Differentiation of Is|1+ Cardiovascular
Progenitors Are Controlled by a Wnt/B-Catenin
Pathway. CELL STEM CELL 2007;1(2):165-179.
Kwon C, Arnold J, Hsiao EC, et al. Canonical
Wnt signaling is a positive regulator of
mammalian cardiac progenitors. PROCEEDINGS
OF THE NATIONAL ACADEMY OF SCIENCES
2007;104(26):10894—-10899.

Sturzu AC, Wu SM. Developmental and
Regenerative Biology of
Cardiovascular Progenitor Cells. CIRCULATION

Multipotent

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

RESEARCH 2011;108(3):353-364.

Birket MJ, Ribeiro MC, Verkerk AO, et al. Expansion
and patterning of cardiovascular progenitors
derived from human pluripotent stem cells.
NATURE BIOTECHNOLOGY 2015;33(9):970-979.
Dubois NC, Craft AM, Sharma P, et al. SIRPA
is a specific cell-surface marker for isolating
cardiomyocytes derived from human pluripotent
stem cells. NATURE BIOTECHNOLOGY
2011;29(11):1011-1018.

Lee MY, Sun B, Schliffke S, et al. Derivation of
functional ventricular cardiomyocytes using
endogenous promoter sequence from murine
embryonic stem cells. STEM CELL RESEARCH
2012;8(1):49-57.

Fijnvandraat A. Cardiomyocytes purified from
differentiated embryonic stem cells exhibit
characteristics of early chamber myocardium.
JOURNAL OF MOLECULAR AND CELLULAR
CARDIOLOGY 2003;35(12):1461-1472.
GASSANOV N, ER F, ZAGIDULLIN N, et al.
Endothelin induces differentiation of ANP-EGFP
expressing embryonic stem cells towards a
pacemaker phenotype. THE FASEB JOURNAL
2004;18(14):1710-1712.

MULLER M. Selection of ventricular-like
cardiomyocytes from ES cells in vitro. THE FASEB
JOURNAL 2000;14(15):2540-2548.

Anderson D, Self T, Mellor IR, et al. Transgenic
Enrichment of Cardiomyocytes From
Human Embryonic Stem Cells. MOL THER
2007;15(11):2027-2036.

Ovchinnikov DA, Hidalgo A, Yang S-K, et al. Isolation
of Contractile Cardiomyocytes from Human
Pluripotent Stem-Cell-Derived Cardiomyogenic
Cultures Using a Human NCX1-EGFPReporter.
STEM CELLS AND DEVELOPMENT 2015;24(1):11—
20.

Xu XQ, Zweigerdt R, Soo SY, et al. Highly enriched
cardiomyocytes from human embryonic stem
cells. CYTOTHERAPY 2008;10(4):376—389.
Bruneau BG, Bao Z-Z, Tanaka M, et al. Cardiac

CHAPTER 2

62.

63.

64.

65.

66.

67.

68.

69.

70.

Expression of the Ventricle-Specific Homeobox
Gene Irx4 Is Modulated by Nkx2-5 and dHand.
DEVELOPMENTAL BIOLOGY 2000;217(2):266—
277.

Chuva de Sousa Lopes SM, Hassink RJ, Feijen
A, et al. Patterning the heart, a template for
human cardiomyocyte development. DEV. DYN.
2006;235(7):1994-2002.

Kelly RG. Cell history determines the maintenance
of transcriptional differences between left and
right ventricular cardiomyocytes in the developing
mouse heart. JOURNAL OF CELL SCIENCE
2003;116(24):5005-5013.

Ross RS, Navankasattusas S, Harvey RP, et al. An HF-
la/HF-1b/MEF-2 combinatorial element confers
cardiac ventricular specificity and established
an anterior-posterior gradient of expression.
DEVELOPMENT 1996;(122):1799-1809.

Huber |, Itzhaki I, Caspi O, et al. Identification
and selection of cardiomyocytes during human
embryonic stem cell differentiation. THE FASEB
JOURNAL 2007;21(10):2551-2563.

Lian X, hsiao C, Wilson G, et al. Robust
cardiomyocyte differentiation from human
pluripotent stem cells via temporal modulation of
canonical Wnt signaling(2). PROCEEDINGS OF THE
... 2012;109(27):1848-1857.

Wu S-P, Cheng C-M, Lanz RB, et al. Atrial identity
is determined by a COUP-TFII regulatory network.
DEVELOPMENTAL CELL 2013;25(4):417-426.
Devalla HD, Schwach V, Ford JW, et al. Atrial-like
cardiomyocytes from human pluripotent stem
cells are a robust preclinical model for assessing
atrial-selective pharmacology. EMBO MOLECULAR
MEDICINE 2015;7(4):394-410.

Lin FJ, You LR, Yu CT, et al. Endocardial Cushion
Morphogenesis and Coronary Vessel Development
Require Chicken Ovalbumin Upstream Promoter-
Transcription  Factor Il.  ARTERIOSCLEROSIS,
THROMBOSIS, AND VASCULAR BIOLOGY
2012;32(11):e135-e146.

Davis DL, Edwards AV, Juraszek AL, et al. A GATA-

Fluorescent reporters in human pluripotent stem cells

71.

72.

73.

74.

75.

76.

77.

78.

79.

6 gene heart-region-specific enhancer provides
a novel means to mark and probe a discrete
component of the mouse cardiac conduction
system. MECHANISMS OF DEVELOPMENT
2001;108(1-2):105-119.

Zhu W-Z, Xie Y, Moyes KW, et al. Neuregulin/ErbB
Signaling Regulates Cardiac Subtype Specification
in Differentiating Human Embryonic Stem
CellsNovelty and Significance. CIRCULATION ...
2010;(107):776-786.

MORIKAWA K, BAHRUDIN U, MIAKE J, et al.
Identification, lIsolation and Characterization
of HCN4-Positive Pacemaking Cells Derived
from Murine Embryonic Stem Cells during
Cardiac Differentiation. PACING AND CLINICAL
ELECTROPHYSIOLOGY 2010;33(3):290-303.

Nam VY], Lubczyk C, Bhakta M, et al. Induction
of diverse cardiac cell types by reprogramming
fibroblasts with cardiac transcription factors.
DEVELOPMENT 2014;141(22):4267-4278.
Vicente-Steijn R, Passier R, Wisse LJ, et al. Funny
current channel HCN4 delineates the developing
cardiac conduction system in chicken heart.
HEART RHYTHM 2011;8(8):1254-1263.

Liang X, Wang G, Lin L, et al. HCN4 dynamically
marks the first heart field and conduction
system precursors. CIRCULATION RESEARCH
2013;113(4):399-407.

Spater D, Abramczuk MK, Buac K, et al. A HCN4+
cardiomyogenic progenitor derived from the first
heart field and human pluripotent stem cells.
NATURE CELL BIOLOGY 2013;15(9):1098-1106.
Sizarov A, DevallaHD, Anderson RH, etal. Molecular
Analysis of Patterning of Conduction Tissues in
the Developing Human Heart. CIRCULATION:
ARRHYTHMIA AND ELECTROPHYSIOLOGY
2011;4(4):532-542.

Hartogh den S, Sluijter J, Van Laake LW, et al.
Chapter 11. Cellular therapy for the infarcted
myocardium. In:  Translational

Springer; 2012.

Cardiology.

Passier R, van Laake LW, Mummery CL. Stem-

49



80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

50

cell-based therapy and lessons from the heart.
NATURE 2008;453(7193):322-329.

Nelson TJ, Martinez-Fernandez A, Yamada S, et al.
Repair of acute myocardial infarction by human
stemness factors induced pluripotent stem cells.
CIRCULATION ... 2009;120(5):408-416.
Couzin-Frankel J. The elusive heart fix. SCIENCE
2014;345(6194):252-257.

Spater D, Hansson EM, Zangi L, et al. How
to make a cardiomyocyte. DEVELOPMENT
2014;141(23):4418-4431.

Chong JJH, Yang X, Don CW, et al. Human
embryonic-stem-cell-derived cardiomyocytes
regenerate non-human primate hearts. NATURE
2014;510(7504):273-277.

Cao F, Lin S, Xie X, et al. In vivo visualization of
embryonic stem cell survival, proliferation, and
migration after cardiac delivery. CIRCULATION ...
2006;113(7):1005-1014.

de Almeida PE, van Rappard JRM, Wu JC. In
vivo bioluminescence for tracking cell fate and
function. AM. J. PHYSIOL. HEART CIRC. PHYSIOL.
2011;301(3):H663-71.

Ardehali R, Ali SR, Inlay MA, et al. Prospective
isolation of human embryonic stem cell-derived
cardiovascular progenitors that integrate into
human fetal heart tissue. PROCEEDINGS OF THE ...
2013;110(9):3405-3410.

Van Laake LW, Qian L, ChengP, et al. Reporter-Based
Isolation of Induced Pluripotent Stem Cell- and
Embryonic Stem Cell-Derived Cardiac Progenitors
Reveals Limited Gene Expression Variance.
CIRCULATION RESEARCH 2010;107(3):340-347.
Fu Y, Kraitchman DL. Stem cell labeling for
noninvasive delivery and tracking in cardiovascular
regenerative therapy. EXPERT REV CARDIOVASC
THER 2010;8(8):1149-1160.

Herron TJ, Lee P, Jalife J. Optical Imaging of
Voltage and Calcium in Cardiac Cells & Tissues.
CIRCULATION RESEARCH 2012;110(4):609-623.
Tallini YN, Ohkura M, Choi BR, et al. Imaging cellular

signals in the heart in vivo: Cardiac expression

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

of the high-signal Ca2+ indicator GCaMP2.
PROCEEDINGS OF THE NATIONAL ACADEMY OF
SCIENCES 2006;103(12):4753-4758.

Tian L, Hires SA, Mao T, et al. Imaging neural activity
in worms, flies and mice with improved GCaMP
calcium indicators. NAT METH 2009;6(12):875—
881.

Shiba Y, Fernandes S, Zhu W-Z, et al. Human ES-
cell-derived cardiomyocytes electrically couple
and suppress arrhythmias in injured hearts.
NATURE 2012;489(7415):322-325.

Bergmann O, Zdunek S, Felker A, et al. Dynamics of
Cell Generation and Turnover in the Human Heart.
CELL 2015;161(7):1566—-1575.

Bergmann O, Bhardwaj RD, Bernard S, et al.
Evidence for Cardiomyocyte Renewal in Humans.
SCIENCE 2009;324(5923):98-102.

Takeuchi T. Regulation of cardiomyocyte
proliferation during development and
regeneration. DEV GROWTH DIFFER
2014;56(5):402-409.

lkenishi A, Okayama H, Iwamoto N, et al. Cell
cycle regulation in mouse heart during embryonic
and postnatal stages. DEV  GROWTH DIFFER
2012;54(8):731-738.

Hesse M, Raulf A, Pilz G-A, et al. Direct
visualization of cell division using high-resolution
imaging of M-phase of the cell cycle. NAT COMMS
2012;3:1076.

Zielke N, Korzelius J, van Straaten M, et al.
Fly-FUCCI: A Versatile Tool for Studying Cell
Proliferation in Complex Tissues. CELL REPORTS
2014;7(2):588-598.

Chow M, Boheler KR, Li RA. Human pluripotent
stem cell-derived cardiomyocytes for heart
regeneration, drug discovery and disease
modeling: from the genetic, epigenetic, and tissue
modeling perspectives. STEM CELL RES THER
2013;4(4):97.

Mercola M, Colas A, Willems E. Induced Pluripotent
Stem Cells in Cardiovascular Drug Discovery.

CIRCULATION RESEARCH 2013;112(3):534-548.

CHAPTER 2

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Agarwal A, Goss JA, Cho A, et al. Microfluidic heart
on a chip for higher throughput pharmacological
studies. LAB CHIP 2013;13(18):3599-3608.

Orlova VV, van den Hil FE, Petrus-Reurer S, et al.
Generation, expansion and functional analysis
of endothelial cells and pericytes derived
from human pluripotent stem cells. NATURE
PROTOCOLS 2014;9(6):1514-1531.

Cheung C, Bernardo AS, Trotter MWB, et al.
Generation of human vascular smooth muscle
subtypes provides insight into embryological
origin&ndash;dependent disease susceptibility.
NATURE BIOTECHNOLOGY 2012;30(2):165-175.
Burridge PW, Matsa E, Shukla P, et al. Chemically
defined generation of human cardiomyocytes.
NAT METH 2014:—.

Benam KH, Dauth S, Hassell B, et al. Engineered
in vitro disease models. ANNU REV PATHOL
2015;10:195-262.

Wang G, McCain ML, Yang L, et al. Modeling the
mitochondrial cardiomyopathy of Barth syndrome
with induced pluripotent stem cell and heart-on-
chip technologies. NAT. MED. 2014;20(6):616—
623.

SharmaA, WuJC, Wu SM. Induced pluripotent stem
cell-derived cardiomyocytes for cardiovascular
disease modeling and drug screening. STEM CELL
RES THER 2013;4(6):150.

Friedrichs S, Malan D, Voss Y, et al. Scalable
Electrophysiological Investigation of iPS Cell-
Derived Cardiomyocytes Obtained by a Lentiviral
Purification Strategy. JOURNAL OF CLINICAL
MEDICINE 2015, VOL. 4, PAGES 102-123
2015;4(1):102-123.

Warren M, Spitzer KW, Steadman BW, et al. High-
precision recording of the action potential in
isolated cardiomyocytes using the near-infrared
fluorescent dye di-4-ANBDQBS. AM. J. PHYSIOL.
HEART CIRC. PHYSIOL. 2010;299(4):H1271-81.
Wokosin DL, Loughrey CM, Smith GL.
Characterization of a range of fura dyes with two-
photon excitation. BIOPHYS. J. 2004;86(3):1726—

Fluorescent reporters in human pluripotent stem cells

112.

113.

114.

115.

116.

117.

118.

119.

120.

1738.

. Patterson C, Willis MS. Translational Cardiology.

Springer; 2012.

Force T, Kolaja KL. Cardiotoxicity of kinase
inhibitors: the prediction and translation of
preclinical models to clinical outcomes. NAT REV
DRUG DISCOV 2011;10(2):111-126.

Hendriks G, Atallah M, Morolli B, et al. The
ToxTracker Assay: Novel GFP Reporter Systems that
Provide Mechanistic Insight into the Genotoxic
Properties of Chemicals. TOXICOLOGICAL
SCIENCES 2011;125(1):285-298.

Albini A, Pennesi G, Donatelli F, et al. Cardiotoxicity
of anticancer drugs: the need for cardio-oncology
and cardio-oncological prevention. J. NATL.
CANCER INST. 2010;102(1):14-25.

Mioulane M, Foldes G, Ali NN, et al. Development
of high content imaging methods for cell death
detection in human pluripotent stem cell-derived
cardiomyocytes. J. OF CARDIOVASC. TRANS. RES.
2012;5(5):593-604.

Mitra K, Lippincott-Schwartz J. Analysis of
mitochondrial dynamics and functions using
imaging approaches. CURR PROTOC CELL BIOL
2010;Chapter 4:Unit 4.25.1-21.

Kerkela R, Woulfe KC, Durand J-B, et al. Sunitinib-
Induced Cardiotoxicity Is Mediated by Off-Target
Inhibition of AMP-Activated Protein Kinase.
CLINICAL AND TRANSLATIONAL SCIENCE
2009;2(1):15-25.

Hendriks G, Atallah M, Raamsman M, et al.
Sensitive DsRed fluorescence-based reporter
cell systems for genotoxicity and oxidative stress
assessment. MUTAT. RES. 2011;709-710:49-59.
van der Linden SC, Bergh von ARM, van Vught-
Lussenburg BMA, et al. Development of a panel
of high-throughput reporter-gene assays to
detect genotoxicity and oxidative stress. MUTAT
RES GENET TOXICOL ENVIRON MUTAGEN
2014;760:23-32.

Becker LB, vanden Hoek TL, Shao ZH, et al.

Generation of superoxide in cardiomyocytes

51



122.

123.

124.

125.

126.

127.

128.

52

during ischemia before reperfusion. AM. J.

PHYSIOL. 1999;277(6 Pt 2):H2240-6.

. Drose S, Brandt U. Molecular mechanisms of

superoxide production by the mitochondrial
respiratory chain. ADV. EXP. MED. BIOL.
2012;748:145-169.

Sinnecker D, Laugwitz K-L, Moretti A. Induced
pluripotent stem cell-derived cardiomyocytes
for drug development and toxicity testing.
PHARMACOL. THER. 2014;143(2):246-252.
Ambrosi CM, Klimas A, Yu J, et al. Cardiac
applications of optogenetics. PROGRESS IN
BIOPHYSICS AND MOLECULAR BIOLOGY
2014;115(2-3):294-304.

Wikswo JP, Lin SF, Abbas RA. Virtual electrodes
in cardiac tissue: a common mechanism for
anodal and cathodal stimulation. BIOPHYS. J.
1995;69(6):2195-2210.

Bruegmann T, Malan D, Hesse M, et al. Optogenetic
control of heart muscle in vitro and in vivo. NAT
METH 2010;7(11):897-900.

Boyle PM, Williams JC, Ambrosi CM, et al.
A comprehensive multiscale framework for
simulating optogenetics in the heart. NAT COMMS
2013;4:2370.

Makowka P, Bruegmann T, Beiert T, et al.
Optogenetic GS Activation in Cardiomyocytes
Enhances Pacemaker Activity. BIOPHYS. J.
2014;106(2):776a-.

Janovjak H, Szobota S, Wyart C, et al. A light-

gated, potassium-selective glutamate receptor

129.

130.

131.

132.

133.

134.

135.

for the optical inhibition of neuronal firing. NAT
NEUROSCI 2010;13(8):1027-1032.

Levitz J, Pantoja C, Gaub B, et al. Optical control
of metabotropic glutamate receptors. NAT
NEUROSCI 2013;16(4):507-516.

Yang X, Pabon L, Murry CE. Engineering
adolescence: maturation of human pluripotent
stem cell-derived cardiomyocytes. CIRCULATION
RESEARCH 2014;114(3):511-523.

Ribeiro MC, Tertoolen LG, Guadix JA, et al.
Functional maturation of human pluripotent stem
cell derived cardiomyocytes in vitro--correlation
between contraction force and electrophysiology.
BIOMATERIALS 2015;51:138-150.

KimC, WongJ, WenJ, etal.Studyingarrhythmogenic
right ventricular dysplasia with patient-specific
iPSCs. NATURE 2013;494(7435):105-110.

Dabiri GA, Turnacioglu KK, Sanger JM, et al.
Myofibrillogenesis visualized in living embryonic
cardiomyocytes. PROC. NATL. ACAD. SCI. U.S.A.
1997;94(17):9493-9498.

Wamstad JA, Alexander JM, Truty RM, et al.
Dynamic and Coordinated Epigenetic Regulation
of Developmental Transitions in the Cardiac
Lineage. CELL 2012;151(1):206-220.

Hoppe PS, Coutu DL, Schroeder T. Single-
cell technologies sharpen up mammalian
stem cell research. NATURE CELL BIOLOGY
2014;16(10):919-927.

CHAPTER 2

Fluorescent reporters in human pluripotent stem cells

53



