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producing cells for future therapy
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Abstract

Directed differentiation of human embryonic stem cells (hRESCs) has generated much interest in the
field of regenerative medicine. Because of their ability to differentiate into any cell type in the body,
hESCs offer a novel therapeutic paradigm for myocardial repair by furnishing a supply of
cardiomyocytes (CMs) that would ultimately restore normal myocardial function when delivered to
the damaged heart. Spontaneous CM differentiation of hESCs is an inefficient process that yields
very low numbers of CMs. In addition, it is not clear that fully differentiated CMs provide the benefits
sought from cell transplantation. The need for new methods of directed differentiation of hESCs into
functional CMs and cardiac progenitors has led to an explosion of research utilizing chemical,
genetic, epigenetic and lineage selection strategies to direct cardiac differentiation and enrich
populations of cardiac cells for therapeutic use. Here, we review these approaches and highlight their
increasingly important roles in stem cell biology and cardiac regenerative medicine.

Keywords
cardiac regeneration; cardiomyocyte; human embryonic stem cell; myocardial repair

Use of human embryonic stem cells for myocardial repair

Over 5 million people in the USA alone suffer with heart failure, resulting in approximately
60,000 deaths at a cost of US$37 billion/year [1]. Unlike some organs, the heart is unable to
repair itself after injury. Heart transplantation remains the ultimate approach to treating
endstage heart failure, but this therapy is invasive, costly and excludes some patients who are
not candidates for transplantation given their comorbidities. Most importantly, there are not
enough organs for transplanting the increasing number of patients with end-stage disease, and
the infrastructure necessary to transplant organs is not available in all countries. New,
accessible therapies are needed to treat the millions of patients with debilitating heart failure
worldwide [2]. Stem cell transplantation may represent the first realistic strategy for reversing
the deleterious effects of what has until now been considered terminal damage to the heart.

Human embryonic stem cells (hESCs) grow and divide indefinitely while maintaining the
potential to develop into tissues derived of all three embryonic germ layers. As such, they
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provide an unprecedented opportunity to treat a variety of human diseases characterized by
tissue loss or insufficiency. Under appropriate culture conditions, hESCs spontaneously
differentiate into cardiomyocytes (CMs) with structural and functional properties characteristic
of endogenous CMs [3]. To induce spontaneous differentiation, hESCs are cultured in
suspension with serum for a period of 7-10 days to form 3D cell aggregates called human
embryoid bodies (hEBs). hEBs are then allowed to adhere to gelatin-coated plates, where
further cultivation results in the appearance of spontaneously contracting areas. This approach
has been adopted by most laboratories as the standard for spontaneous CM differentiation from
hESCs. Nonetheless, there are limitations to this protocol, most notably the small number of
CMs produced. With this method, beating areas are visible in only 5-15% of hEBs, as reported
by many groups [3-6].

The low yield of CMs from spontaneous hESC differentiation, and the massive loss in cardiac
cells from a typical myocardial infarction (~10° according to some studies, e.g., [7]) together
present a critical issue in stem cell therapeutics. Clearly, the ability to generate sufficient
numbers of hESC-derived CMs or cardiac progenitors will be required before cardiac
regeneration through hESC transplantation can be realized. In addition, cardiac cell
preparations will need to be of high purity in order to overcome the risk of local or distant
teratoma formation. With these considerations in mind, much work has focused on directing
the differentiation of hESCs into the cardiac lineage. Over the past decade, innovative
enrichment, purification and selection strategies have been developed to guide cardiac
differentiation to relatively pure homogeneity (Figure 1). These efforts have also provided new
insight into human cardiac development, including the identification of multipotent
cardiovascular progenitor cells. The prospect that cardiac progenitors will have a greater
capacity to make functional connections with host myocardium as they differentiate in vivo
after transplant has driven much of this work. Further investigations to delineate the human
cardiac lineage tree will aid in the derivation of early cardiac progenitors from hESCs for
utilization in myocardial therapies, and of specialized CM subtypes for specific myocardial
applications.

Chemical enrichment of CMs from hESCs

Defined culture media have been developed to direct human CM (hCM) differentiation from
hESCs (Table 1). The cell-permeable small molecule, 5-azacytidine, which acts as a
demethylating agent, was previously demonstrated to induce immortalized cells from a mouse
cardiomyogenic cell line to become CMs [8]. Subsequently, others have shown that 5-
azacytidine treatment at days 6-8 of hESC differentiation significantly increased cardiac a-
MHC expression and enhanced CM differentiation, suggesting that DNA demethylation is a
key factor in directing tissue-specific differentiation [4]. Similarly, exposure to SB203580, a
small molecule inhibitor of p38 MAPK, has been shown to significantly improve CM
differentiation of hESCs grown in medium conditioned by mouse END?2 cells, supporting a
role for p38 MAPK signaling in regulating hCM differentiation [9]. SB203580-treated hEBs
displayed an increase in expression of both early mesoderm markers (Brachyury, Thx6 and
Mespl) and cardiac a-MHC, as well as increased CM numbers. Our group has subsequently
shown that p38 MAPK inhibition occurs in a dose- and stage-dependent manner, that it also
causes the accelerated differentiation of hRESC-derived CMs using the standard hEB formation
method, and that it appears to act at the ectoderm/mesoendoderm branchpoint during hESC
differentiation [10].

In the original study with SB203580, cells were subjected to an adapted differentiation system
in which hESCs were differentiated in a suspension culture using serum-free medium

conditioned by the mouse END2 cell line [11,12]. END2-conditioned medium alone exhibited
CM-inducing activity during hESC differentiation [9], and biochemical as well as microarray
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analysis of END2-conditioned medium and END2 cells, respectively, identified prostaglandin
(PG)I12, a product of prostaglandin synthase enzymes, as an inducing factor in hESC cardiac
differentiation [13]. Two key enzymes involved in PGI2 synthesis were upregulated in END2
cells compared with control MESL1 cells [14], which lack cardiogenic activity. PGI2 levels
were between six- and ten-fold higher in END2-conditioned medium compared with control
conditioned medium from MESL cells. Moreover, insulin, a common supplement in media
formulations, was discovered to be an inhibitor of hESC cardiac differentiation. END2-
conditioned medium supplemented with increasing concentrations of insulin resulted in a
dramatic decrease in hESC CM differentiation. Thus, addition of PGI2 in combination with
insulin-free, unconditioned medium yielded effective cardiac induction similar to that
produced by END2-conditioned medium. Cardiac differentiation was further augmented in the
presence of SB203580. Taken together, these three components provide a basic, synthetic
recipe for directing CM differentiation of hESCs.

Others have also undertaken the approach to chemically define medium conditions for
controlling hESC differentiation. Another system utilizing sequential exposure of
undifferentiated hESCs cultured on Matrigel™ to activin A followed by bone morphogenetic
protein (BMP)4 within the first 5 days of differentiation proved to be 50-fold more efficient
in generating CMs than the conventional serum induction of hEBs method [15]. Both factors
were selected based on previous work showing that mesoderm formation and cardiogenesis
are mediated by activin A and BMP4 [16-21]. Likewise, Yao et al. reported that hESCs seeded
on Matrigel and treated with both activin A and BMP4 express specific CM markers (a-MHC,
cardiac troponin I, Mef2, GATA4, Nkx2-5, atrial natriuretic factor [ANF]) [22].

This list of media supplements has grown to include basic FGF (bFGF), VEGF and the Wnt
inhibitor, Dickkopf homolog (DKK)1. By mim-icking the signaling environment of the early
mouse embryo, another group has established a three-stage protocol that supports cardiac
development at high frequency in differentiating hESC cultures [23]. This protocol exposed
hEBs to a combination of activin A, BMP4 and bFGF during the first 4 days of differentiation
(stage 1) to induce primitive-streak formation, representing the onset of gastrulation. Between
days 4 and 8 (stage 2), the differentiating hEBs were incubated in medium containing VEGF
and DKK1 to induce cardiac mesoderm development and maturation. Previous studies had
demonstrated that Wnt inhibition is required for cardiogenesis from mesodermal cells [24,
25]. From day 8 to day 14 (stage 3), bFGF was added to VEGF and DKK1 to promote CM
expansion. Gene expression analysis of stage 3 hEBs displayed expression of cardiac troponin
T, atrial myosin light chain 2, and cardiac transcription factors Thx5 and —20. By selecting
particular exogenous factors known to play roles in early embryonic development and cardiac
specification, and allocating them in the appropriate combinations and within an appropriate
window of time, these studies have furnished base recipes for inducing hESCs toward cardiac
lineages.

Effects of mechanical force on CM differentiation from hESCs

Since cardiac muscle is one of the few tissues that develops under the effects of dynamic force,
it is not surprising that conditions generated by the force of fluids in motion can enhance CM
differentiation. Sargent et al. discovered that supplying a constant rotary orbital motion for 7
days to suspension cultures of differentiating mouse EBs (mEBSs) resulted in a significantly
increased number of beating mEBs compared with mEBs cultured in static suspension [26].
Analysis of gene expression showed higher levels of mesodermal and cardiac proteins
(Brachyury, GATA4, Nkx2-5, Mef2c, a-MHC and MLC2v) in rotary mEBs than in static
mEBs. In addition, a greater proportion of rotary mEBs were positive for a-sarcomeric actin
expression compared with static EBs. Morphologically, rotary orbital culture produced mEBs
that were more uniform in size and higher in number than static suspension. Aggregation of
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individual mEBs was also inhibited with rotary culture compared with static culture. The
enhanced CM differentiation was independent of rotary speed ranging from 25 to 55 rpm as
determined by the expression of cardiomyogenic genes [27].

Domian et al. examined the effects of surface tension on cardiomyogenic differentiation of
murine cardiac progenitors [28]. They cultured embryonic- and mouse embryonic stem cell
(mESC)-derived progenitors on either fibronectin-coated slides or micropatterns of fibronectin
alternating with a surfactant that blocks cell adhesion. They identified a population of cells that
formed longitudinally aligned myocardial fibers specifically when grown on these
micropatterned surfaces. In addition, culturing this population on micropatterned surfaces
resulted in a statistically significant increase in the proportion of CMs, supporting a role for
microenvironmental forces in CM differentiation.

Genetic & epigenetic manipulation of hESCs to enhance CM differentiation

miRNAs are small, noncoding RNAs thought to regulate the expression of 30% of protein-
coding genes [29]. Their biological importance in stem cell biology is underscored by recent
studies demonstrating that mESCs lacking the miRNA processing enzyme Dicer display
differentiation and proliferation defects [30-33]. miR-1 and miR-133 are specifically expressed
in the mouse heart [34,35]. Targeted deletion or knockdown of these miRNAs results in
dysregulation of cardiac morphogenesis, electrical conduction, cell-cycle and cardiac
hypertrophy [34-37]. Recently, we have shown with our collaborators that miR-1 and miR-133
regulate the differentiation of mMESCs and hESCs into the cardiac lineage [38]. Both miRNAs
were enriched in mMESC-derived CMs. Lentiviral introduction of either miR-1 or miR-133 into
mESCs enhanced early mesoderm differentiation as evidenced by increased expression of
Brachyury. miR-1 and miR-133 also reinforced mesoderm lineage decisions by repressing
endoderm and neuroectoderm differentiation. When stimulated to differentiate into either
endoderm or neuroectoderm lineages, mEBs expressing either miR-1 or miR-133 expressed
lower levels of endodermal and neural markers compared with control mEBs. However, further
differentiation revealed opposing roles of miR-1 and miR-133 (Figure 2a). miR-1 promoted
differentiation of mesoderm into the cardiac and skeletal muscle lineages as determined by
enhanced Nkx2-5 and myogenin expression, respectively, whereas miR-133 blocked induction
of both markers. Importantly, the differentiation of hESCs in the presence of miR-1 behaved
comparably to that of mESC differentiation. Overexpression of miR-1 in hESCs increased
Nkx2-5 expression and yielded more than a threefold higher number of beating hEBs compared
with wild-type controls.

While miRNAs direct cell lineage determination by controlling protein dosage, epigenetic
regulation through chromatin remodeling has been shown to control cell fate as well (Figure
2b). Histone acetyltransferases and histone deacetylases promote chromatin unfolding and
condensation to facilitate and silence active DNA transcription, respectively. Administration
of the histone deacetylase inhibitor trichostatin A (TSA) during differentiation of mESCs has
been reported to promote CM differentiation [39]. In a mESC line that expressed green
fluorescent protein (GFP) under control of the cardiac-specific Nkx2-5 promoter, TSA
exposure between days 7 and 8 of differentiation doubled the percentage of GFP* cells, and
boosted expression of Nkx2-5, B-MHC and ANF. While enhanced acetylation of histones 3
and 4 was seen in TSA-treated mEBs compared with untreated controls, there also was a
concomitant increase in GATA4 acetylation and its DNA binding to the ANF promoter,
suggesting that both epigenetic changes and post-translational modification of transcription
factors contributed to CM differentiation.

Recently, Takeuchi et al. identified a minimal set of factors necessary to execute the cardiac
transcriptional program [40]. Baf60c, a cardiac-enriched subunit of the Swi/Snf-like BAF
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chromatin remodeling complex, in combination with cardiac transcription factors GATA4 and
Thx5, was able to induce cardiac differentiation in mouse embryos when ectopically expressed.
With this combination, 90% of the transfected embryos displayed expression of the early
cardiac marker, cardiac a-actin (Actcl), and 50% of the transfected embryos exhibited beating
tissue. GATAA4 together with Baf60c was essential in initiating the cardiac gene program as
assessed by expression of Actcl. None of the other transcription factors tested alone (Thxb5,
Nkx2-5) or in concert with Baf60c were able to induce Actcl expression. GATA4/Baf60c,
however, was not sufficient for generating beating embryos: Thx5 was required to achieve
contracting CMs. Although the aforementioned factors have yet to be tested in hESCs, studies
with Baf60c present defined, genetic platforms with which to alter cell fate decisions in hESCs.

Purification of hESC-derived CMs

The various differentiation protocols discussed have been developed with the aim of directing
cardiac differentiation from pluripotent hESCs. While the efficiency of cardiac differentiation
has markedly improved, differentiated hESC cultures may still consist of heterogeneous
populations that include cell types derived from all three embryonic germ layers. If hESC-
derived CMs are to be used in cell-based therapies, it is imperative that the final CM population
is of high purity. Manual dissection of the beating areas has been one way to achieve high
purity [3]. A less labor-intensive method utilizing Percoll gradient centrifugation has been
described to purify hESC-derived CMs [4]. Differentiating hESCs were applied to a
discontinuous Percoll gradient consisting of 40.5% Percoll layered over 58.5% Percoll.
Following centrifugation, the majority of CMs resided within the 58.5% Percoll layer and
expressed cardiac troponin I, sarcomeric MHC, a-MHC, B-MHC and N-cadherin. hCMs of
70% or less purity were obtained using this approach. It has been shown that Percoll-purified
CMs can be further enriched by culturing the purified CM clusters in suspension for an
additional week or longer [41]. These clusters, recultured for at least 8 days following
purification, exhibited significant increases in cardiac a-MHC and B-MHC expression.
Analysis by flow cytometry demonstrated that the cells comprising these clusters also
expressed sarcomeric MHC, and that the percentage of sarcomeric MHC™ cells increased with
time in culture.

A third purification strategy is based on the observation that CMs have high mitochondrial
content compared with that of non-myocytes [42]. Using the fluorescent dye
tetramethylrhodamine methyl ester perchlorate (TMRM) that freely diffuses into the
mitochondrial matrix to label mitochondria, Hattori et al. found that TMRM fluorescence in
embryonic rat hearts increases with developmental stage, suggesting that mitochondrial
biogenesis is linked to cardiomyogenesis. In whole rat embryos, TMRM fluorescence in the
heart was more robust than in other tissues, and when analyzed by flow cytometry, flow-sorted
populations with the highest TMRM fluorescence were observed to express cardiac a-actinin.
TMRM-labeled CMs derived from mESCs were positive for both Nkx2-5 and a-actinin. The
CM content in cultured cells sorted from day 12 to day 25 mEBs was greater than 99% as
determined by Nkx2-5 and a-actinin expression. Most notably, greater than 99% CM purity
was also obtained in cultured cells sorted from differentiating hEBs.

Besides achieving a high degree of CM purity, these separation methods have the added
advantage of not requiring genetic manipulation of hESCs. A disadvantage, however, is that
none of these techniques allow purification of cardiac progenitor cells. Mechanical dissection
can only be performed toward later stages of differentiation when a sufficient number of beating
areas are visible. Percoll separation is less effective at earlier times of hESC differentiation
[41]. hEBs used for TMRM purification experiments were between 50 and 90 days of
differentiation [42]. Moreover, sorted TMRM-fluorescent cells from early mEBs failed to
differentiate into CMs during subsequent culture.

Regen Med. Author manuscript; available in PMC 2011 September 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wong and Bernstein

Page 6

Selection of hESC-derived cardiac progenitors

The use of genetic selection strategies has addressed both the issue of CM homogeneity and
isolation of cardiac progenitors. Many laboratories, including our own, have developed
transgenic/reporter hESC lines to derive pure CM populations. This approach relies on a
cardiac-restricted promoter to drive the expression of a reporter gene or selectable marker.
Huber et al. used lentiviral vectors to produce stable hESC lines in which enhanced GFP (eGFP)
was expressed under control of the cardiacspecific human myaosin light chain 2v promoter
(MLC2v) [43]. Xu et al. generated stable hESC lines using a reporter plasmid consisting of
the cardiac-specific mouse a-MHC promoter driving expression of the neomycin resistance
gene [44]. Kita-Matsuo et al. designed a set of lentiviral vectors to generate multiple stable
hESC lines with eGFP and mCherry reporters or with puromycin resistance downstream of the
mouse a-MHC promoter [45]. In our lab, we have generated a cardiac-specific hESC reporter
line using a lentiviral construct consisting of a fragment of the mouse a-MHC promoter
upstream of eGFP. The specific promoter fragment used has allowed for the identification and
analysis of early, multipotent cardiac progenitors expressing Nkx2-5, but before the onset of
cardiac troponin T or chamber-specific myosin light chain expression [Wone S, Rimer C, King
F, BERNSTEIN HS, PERS. COMM.].

Collectively, fluorescence-activated cell sorting or antibiotic selection of these lines has
yielded 85-99% pure CMs or cardiac progenitors that express cardiac-specific genes and
exhibit action potentials characteristic of human embryonic CMs. eGFP-expressing cells
derived from the MLC2v transgenic line formed stable intracardiac cell grafts following
transplantation in rats [43]. Injection of neomycin resistance-selected hEBs into the hindlimb
muscles of SCID mice resulted in no teratoma formation after 23 weeks [44]. Contractile forces
in puromycin resistance-selected CMs were similar to those generated by rat neonatal
ventricular CMs [45]. Whereas isolation of hESC-derived CMs from these transgenic/reporter
lines were based on positive selection, Anderson et al. implemented a negative selection
strategy to deplete undifferentiated, proliferating hESCs from cultures of hESC-derived CMs
[46]. Their transgenic hESC line utilized a Herpes simplex thymidine kinase/ganciclovir
(HSVtk/GCV) suicide gene system under the control of a constitutive phosphoglycerate kinase
promoter. Following administration of the antiviral drug GCV, cells expressing HSVtk
phosphorylate GCV, which then incorporates into nascent DNA chains of proliferating cells,
causing chain termination and cell death. The increased number of a-actinin-positive cells after
GCV treatment led to an almost sevenfold enrichment of CMs. An important caveat of this
approach, however, is that other nonproliferating cell types would remain in the culture while
proliferating hCMs would be depleted. The culture would still need to undergo a cardiac
purification step and, as discussed below, the excluded proliferating hCMs and cardiac
progenitors may be of greater benefit for transplantation than fully differentiated,
nonproliferating CMs.

As an alternative to genetically modified hESC lines for tracking and isolating hCMs and
cardiac progenitors, we have adapted dualfluorescence resonance energy transfer ‘molecular
beacon’ technology for transient, real-time detection of gene expression during hESC
differentiation (Figure 3). Molecular beacons are single-stranded oligonucleotide probes that
have been employed to assay gene expression in vitro, as in real-time PCR, and in vivo using
microscopy [47]. These consist of short sequences capable of forming stem—loop structures
bearing a fluorescent reporter group at one end and a fluorescent quencher at the opposite end
[47]. In the absence of a target sequence, the oligonucleotide self-anneals, forming a stem that
brings the reporter and quencher in close proximity, thereby quenching fluorescence. In the
presence of a target sequence, the oligonucleotide anneals to the target, separating the reporter
and quencher, thereby allowing fluorescence. We have shown that appropriately designed,
dual-fluorescence resonance energy transfer molecular beacon pairs can identify the expression
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of specific mMRNAs by microscopy and flow cytometry, and facilitate the collection of specific
hESC populations by fluorescence-activated cell sorting, while leaving the hESC genome
intact [KING F, Liszewski W, Rimner C, Bernsten HS, Pers. COMM.].

Researchers have exploited reporter ESC lines as research tools to identify cardiac progenitor
cells with distinct molecular signatures. Wu et al. used a cardiac-specific mESC line expressing
Nkx2-5:eGFP to isolate bipotent cardiac progenitors that express Nkx2-5 and the tyrosine
kinase receptor, c-Kit [48]. When seeded as single cells and cultured for 13 days, the surviving
Nkx2-5*/c-Kit* single clones differentiated into both CMs and smooth muscles cells. Clonal
progeny differentiated in three distinct patterns: beating CMs expressing Actcl and ventricular
myosin light chain, nonbeating cells expressing smooth muscle markers, SM22a and smooth
muscle actin (SMA)-a, and a combination of beating CMs and vascular smooth muscle cells,
implicating bipotential differentiation from a single cell.

At the same time, two groups have independently identified multipotent cardiovascular
progenitors that give rise to all three major cardiovascular lineages. Previous work using a
Brachyury:eGFP knock-in mESC line, in which an eGFP minigene was targeted to the
Brachyury locus, showed that mEB-derived cells expressing Brachyury, but not fetal liver
kinase (FIk)-1 had cardiac potential [49,50]. By following the maturation of this Bry*/Flk-1~
cell subpopulation in culture, Kattman et al. discovered a second FIk-1* population with high
CM capacity that emerged following mEB reaggregation [51]. Differentiation of this second
Flk-1* population in methylcellulose followed by expansion in liquid culture resulted in
spontaneous contracting colonies. These colonies expressed genes associated with cardiac
(Nkx2-5, GATAA4, Thx5, Thx20, MLC2a), endothelial (FIk-1, VE-cadherin, CD31) and
vascular (SMA, calponin) differentiation, suggesting the presence of multilineage
cardiovascular progenitors within this latent Bry*/FIk-1* fraction.

In a separate study, genetic fate mapping and in vivo lineage tracing in Islet (Isl)1:IRES:Cre/
R26R double heterozygous mice demonstrated that a population of IsI1* precursors contributes
to the generation of cardiac muscle, pacemaker, endothelial and smooth muscle cells in the
heart [52]. To establish a source of cardiac IsI1* precursors for further investigation, an
Isl1:nlacZ knock-in mESC line was engineered in which a nuclear lacZ gene, followed by
humanized Renilla GFP, was inserted into the Isl1 locus. Transcription profiling of cultured
single cell-derived IsI1* clones revealed that cells with the IsI1*/Nkx2-5*/Flk-1" signature
could give rise to cardiac, smooth muscle and endothelial cell derivatives under differentiation
conditions. These clonal progenitors expressed markers of differentiated endothelial cells (VE-
cadherin), CMs (cardiac troponin T) and smooth muscle cells (SM-MHC).

Significantly, both groups identified analogous multipotent cardiac progenitors derived from
hESCs (Figure 4). Flow cytometric analysis of hEBs detected three distinct KDR*(Flk-1*)/c-
Kit* populations at day 6 of the three-stage differentiation protocol described earlier:
KDRNigh/c-Kit*, KDROW/c-Kit~, KDR/c-Kit" [23]. Of the three, the KDR!OW/c-Kit™
population contained cardiac progenitors that generated cells expressing markers of endothelial
(CD31, CDH5, VE-cadherin, von Willebrand factor), vascular smooth muscle (calponin, SMA,
sarcomeric MHC, caldesmon) and cardiac (Nkx2-5, Isl-1, Thx5, Thx20, cardiac troponin T,
atrial myosin light chain 2) differentiation. To establish clonality, hESC lines expressing GFP
or red fluorescent protein (RFP) were employed in methylcellulose colony assays. Mixing of
KDR!oW/c-Kit~ populations isolated from both lines resulted in colonies expressing either GFP
or RFP, but not both. Expression analysis of colonies from the mixed GFP/RFP cultures
confirmed the presence of cardiac, endothelial and vascular smooth muscle lineages,
suggesting that the three cell types arose from a single cell.
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To track the fate of human Isl1* cells and their progeny during hESC differentiation, Bu et
al. used Isl1:cre hESCs transfected with a pPCAG-flox-DsRed reporter plasmid to achieve
irreversible DsRed expression in Isl1* cells. In clonal assays of day 8 hEBs, approximately
half of the DsRed* (i.e., IsI1*) clones that were Nkx2-5* expressed markers of all three major
cardiac lineages: cardiac troponin T (CMs), PECAM1/CD31 (endothelial cells) and smooth
muscle troponin (smooth muscle cells) [53]. Interestingly, KDR was not detected in DsRed*
cells from day 8 hEBs, but was present within 7 days after plating on mouse embryonic
fibroblasts in the clonal assays, implying that Is11*/Nkx2-5*/KDR* cells may represent a more
restricted downstream cardiac progenitor.

The specification of multipotent cardiovascular progenitors from early mesoderm has recently
been shown to be governed by the basic helix-loop—helix transcription factor, Mespl. In
vivo cell lineage tracing, gene knockout and chimeric studies revealed that Mespl was
expressed at the onset of gastrulation at E6.5 before that of FIk-1 or Nkx2-5, and gave rise to
virtually all cells of the vascular system as well as cells of the myocardium and endocardium
[54-57]. The results implicated Mesp1 as the earliest molecular marker of cardiovascular
development identified to date. Subsequent work by others employing various Mespl mESC
lines demonstrated that overexpression of Mesp1l directed the differentiation of mESCs toward
cardiovascular lineages [58,59]. Compared with control mEBs, mEBs overexpressing human
Mesp1l exhibited a five-fold enhancement in beating foci, and increased expression of Nkx2—
5, GATA4, Mef2c, connexion 45 and 43, MLC2v, cardiac troponin | and ANF [60]. Bondue
et al. showed that induction of Mesp1 resulted in upregulation of Isl1 expression, and
accelerated mESC differentiation into all three main cardiac cell lineages (cardiac, vascular,
smooth muscle), suggesting that Mesp1 specifies multipotent cardiovascular progenitors
[58]. Lindsley et al. obtained similar findings, and also demonstrated that the activity of Mespl
was dependent on Wnt [59]. In the hierarchical order of cardiac progenitors, these studies
position Mespl as an early multipotent mesodermal progenitor that lies upstream of Isl1 and
Flk-1.

KDR/FIk-1 encodes a VEGF receptor and, as discussed above, has served as a cell surface
marker to isolate a pool of cardiac progenitors during hESC differentiation [23]. Early studies
of hESC lines demonstrated that subpopulations of hESCs characterized by the expression of
specific surface markers exist within undifferentiated hESC cultures [61]. We recently
developed a fluorescence-tagged co-culture system with which to track the fate of these
subpopulations (Figure 5). Using this co-culture system, undifferentiated hESCs that
constitutively expressed GFP from the ubiquitin C promoter were positively and negatively
selected for CD133 or CD135 by fluorescence cell sorting. Sorted cells were added to dispersed
colonies of undifferentiated, untagged hESCs and allowed to reaggregate to form chimeric
colonies. Once reformed, cells were differentiated to determine their fates [62]. Under
differentiation conditions, CD135*GFP* and CD135 GFP™* cells were observed to
differentiate into all three embryonic germ layers, suggesting that CD135 expression in
undifferentiated hESCs did not track with a specific cell fate. By contrast, CD133*GFP™ cells
gave rise almost exclusively to ectoderm as demonstrated by a threefold increase in nestin
expression compared with CD135*GFP* or CD135-GFP™ cells. CD133 GFP™ cells
differentiated into endoderm and mesoderm as evidenced by more abundant a-fetoprotein
(endodermal) and SMA (mesodermal) expression compared with CD133*GFP* cells.
Teratomas formed from co-cultures of CD133*GFP* hESCs showed GFP-expressing cells
exclusively within tissues of neuroectodermal origin. Subsequent to these studies with
undifferentiated, CD133* hESCs, we have found that 99% of CD133* cells isolated from hEBs
differentiated in culture for 8 days co-express Nkx2-5, suggesting a cardiac fate [Kwan HCK,
Bernstein HS, Pers. Comm.]. Together, these experiments both validate the existence of
subpopulations of undifferentiated hESCs that have a predetermined fate, and suggest that the
relevance of surface marker expression may change with stage of differentiation. These also
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imply that other cell surface markers may exist with which to identify mesoderm- and CM-
fated hESCs.

Future perspective

Transplantation with hESC-derived CMs in animal models of myocardial injury has yielded
promising, albeit modest, results. In nude rats, injection of hESC-derived CMs into uninjured
hearts resulted in a 90% stable myocardial engraftment success rate [63]. However, injection
of hCM s into rat hearts infarcted by permanent coronary artery ligation yielded only an 18%
engraftment success rate due to poor survival of the transplanted cells [15]. This discrepancy
prompted the investigators to deliver the CMs in the presence of a prosurvival cocktail targeting
multiple cell death pathways [15]. Not only did the use of a prosurvival formulation improve
graft survival in infarcted hearts, but the engrafted myocardium demonstrated improved
ventricular function 4 weeks after transplantation, compared with controls. Comparable results
have been obtained in a number of other studies evaluating the feasibility of transplanting
hESC-derived CMs for myocardial repair in rodent models of myocardial infarction [64-69].
Although the methods for generating hCMs and monitoring engraftment, as well as the number
of transplanted hCMs, varied between studies, hESC-derived CM transplantation led to
measureable benefit.

Despite these encouraging results, challenges remain prior to clinical implementation. The
cardiac-specific benefits determined from in vivo engraftment studies appear to be transient.
Van Laake et al. reported that while cardiac function was improved 4 weeks after myocardial
infarction, the functional benefit was no longer significant at 12 weeks, even after tripling the
number of transplanted hCMs in a repeat study [64-66]. These results call into question the
utility of fully differentiated hCMs for cardiac repair. The integration of hESC-derived CMs
into existing muscle may be hampered by their limited developmental plasticity, whereas
cardiac progenitors may retain the plasticity needed to enable extensive engraftment.
Furthermore, as recent studies have shown, myocardial progenitors can diversify to become
other cell types, including endothelial cells that would contribute to vascularization of the graft,
thereby improving survival and integration of the transplanted cells.

The transient improvement seen in rodent models also argues for the use of preclinical animal
models with hemodynamics that more closely resemble human physiology. Porcine models
provide an opportunity to study the effects of cell transplantation in an animal with more
relevant cardiovascular physiology [70,71]. One study used pigs as a large animal model of
atrioventricular heart block. Injection of manually dissected, beating hEBs into the left ventricle
of pig hearts with atrioventricular block resulted in successful pacing of the heart, manifested
by the presence of a new ectopic ventricular rhythm as measured by body surface
electrocardiography and electroanatomical mapping [72].

Transplanted hESC-derived cells will also need to evade immune rejection. hESCs appear to
have a lower immunostimulatory potential compared with adult cells [73,74]. DNA microarray
data of undifferentiated and differentiated hESCs indicate that almost half of the upregulated
immunoregulatory genes in hematopoietic cells, lymphoid organs and other tissues are not
similarly expressed in hESCs, implying that hESCs are immunologically immature [73,74].
These observations suggest that immuno suppressive regimens for hESC-based therapeutics
may not need to be as rigorous as conventional organ transplantation. Nevertheless,
transplanted hESC-derived CMs will be susceptible to immune rejection to some degree.

The next decade will usher in further advances in our understanding of the biology of
pluripotent stem cells that will bring stem cell therapeutics closer to the clinic. These will likely
include the establishment of a comprehensive tree for the human cardiac lineage; profiles of
cell surface marker expression that define specific cardiac progenitor pools; nongenetic
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methods to derive and isolate cardiac progenitors and specialized CM subtypes to high purity
and in sufficient quantities; techniques to ensure the absence of non-CM derivatives and
undifferentiated hESCs to prevent tumor formation; strategies to circumvent immune rejection;
and preclinical large animal models of heart failure for assessing cell engraftment, hostimmune
response and myocardial function in both the short and long term.

Executive summary
Use of human embryonic stem cells for myocardial repair

»  Efforts toward designing new molecular and cellular therapies to treat heart failure
would address both an important source of human suffering as well as a significant
healthcare expense.

e Human embryonic stem cells (hESCs) offer an unlimited supply of human
cardiomyocytes (hCMs) and cardiac progenitors for cell-based therapy because
they divide indefinitely in culture and differentiate into hCMs.

e Because spontaneous hCM differentiation is an inefficient process that yields low
cell numbers, alternative strategies have been developed to enhance differentiation
of hESCs into hCMs.

Chemical enrichment of hESC-derived CMs

e Cell-permeable small molecules significantly improve hCM differentiation from
hESCs.

e Factors known to play a developmental role during embryonic cardiogenesis,
including activin A, bone morphogenetic protein 4, VEGF and Dickkopf homolog
1, promote hESC cardiac differentiation.

Effects of mechanical force on CM differentiation from hESCs

e Hydrodynamic forces provided by rotary orbital movement can enhance hCM
differentiation.

»  Microenvironmental forces created by micropatterned surfaces containing
adherent and nonadherent regions can promote CM differentiation.

Genetic & epigenetic manipulation of hESCs to enhance CM differentiation

e hESC differentiation into the cardiac lineage is regulated by specific miRNAs that
control Notch signaling.

» Ectopic expression of a minimal set of chromatin remodeling and transcription
factors Baf60c, GATAA4 and Thx5 is sufficient to generate contracting mouse CMs
from mouse embryoid bodies.

Purification of hESC-derived CMs

»  Percoll gradient centrifugation is a simple way to separate hESC-derived hCMs
from other hESC-derived cells.

e Owing to the high mitochondrial content in hCMs, fluorescence-activated cell
sorting based on mitochondrial content provides a novel way to purify hESC-
derived hCMs.

Selection of hESC-derived cardiac progenitors
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¢ Reporter hESC lines allow genetic selection of hCMs and human cardiac
progenitors based on expression of reporter genes or selectable markers under
control of cardiac-specific promoters.

e The use of reporter mouse ESC lines has facilitated the identification and selection
of early cardiac progenitors with distinct molecular signatures.

e Specific surface markers on subpopulations of undifferentiated hESCs may
identify hESCs with predetermined mesodermal and cardiac fates.
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Figure 1. Approaches to preparing human embryonic stem cell-derived cardiomyocytes for tissue
repair

Researchers are focusing on chemical (e.g., 5-azacytidine and p38 MAPK inhibitors) and
biological (e.g., activin A, bone morphogenetic protein, basic FGF, VEGF and Dickkopf
homolog 1) factors, genetic (e.g., miRNAS) and epigenetic (e.g., miRNAs and chromatin
remodeling) manipulation, and mechanical factors (e.g., hydrodynamics and surface tension)
to direct cardiomyocyte differentiation from hESCs. These approaches are complemented by
purification methods that take advantage of the biochemical properties of human
cardiomyocytes (e.g., Percoll density centrifugation and mitochondrial content), and selection
strategies that rely on the expression of cardiac-specific genes (e.g., reporter lines and
molecular beacons) and surface markers.

hESC: Human embryonic stem cell.
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Figure 2. Genetic and epigenetic manipulation to direct cardiomyocyte differentiation

(A) miR-1 and -133 control the differentiation of embryonic stem cells into cardiac muscle, as
well as ectoderm, as detailed in the text. In these studies, differentiation towards mesoderm
was determined by expression of Nkx2-5, smooth muscle actin and myogenin, endoderm by
a-fetoprotein and hepatocyte nuclear factor 4a expression, and ectoderm by expression of
neural cell adhesion molecule 1, nestin and B111 tubulin. (B) Baf60c, a subunit of the human
Swi-Snf (Brg—Brm) chromatin remodeling complex, is thought to be essential to the expression
of GATA4-regulated early cardiac genes (e.g., Nkx2-5, Actcl, myosin light chain 7) and
GATAA4/Tbx5-regulated late cardiac genes (e.g., potassium/sodium hyperpolarization-
activated cyclic nucleotide-gated channel 4).
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hESC: Human embryonic stem cell.
Adapted from [38,40].
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Figure 3. Dual-FRET molecular beacon technology for real-time analysis of stem cell differentiation
Molecular beacons, consisting of short single-stranded oligonucleotides capable of forming
stem—loop structures in solution, are designed complementary to adjacent sequences in a
mRNA of interest. In the absence of the target MRNA, the stem-loop conformation juxtaposes
the fluorescent dye and specific quencher molecule, extinguishing fluorescence. In the presence
of an expressed target mMRNA, binding of the molecular beacons relieves the quenching effect,
allowing the donor dye to be excited by the FACS, emit at the excitation wavelength of the
acceptor dye, and the acceptor dye to emit at a wavelength recognized by the sorting filter set
of the FACS.

FRET: Fluorescence resonance energy transfer.
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Figure 4. The cardiac lineage tree

During cardiac myogenesis, the differentiation of progenitor cells into multiple heart cell
lineages is under both temporal and spatial control. Cardiac mesoderm (Nkx2-5*/c-kit*/
Flk-1%) gives rise to Nkx2-5*/c-kit™ cells that contribute to structures comprising the first heart
field, and Nkx2-5%/FIk-1*/Isl-1* progenitors that contribute to all three major cell lineages of
the second heart field: cardiomyocytes, smooth muscle cells and endothelial cells. Cardiac
progenitors (Nkx2-5*/1sl-1*/Mef2c*) specifically give rise to precursors that will develop into
atrial cardiomyocytes, SA nodal cells, right ventricular cardiomyocytes and AV nodal cells.
AV: Atrioventricular; SA: Sinoatrial.

Adapted from [52,75,76].
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Figure 5. Fluorescence-tagged co-culture system for mapping stem cell fate

(A) Overview of the scheme described in the text. (B) Example of fluorescence sorting of
tagged cells co-expressing surface marker (X*). (C & D) Example of chimeric hESC colony
containing fluorescently tagged, marker-expressing cells and untagged, nonselected cells.
(C) Phase contrast image of colony; (D) immunofluorescence image of same colony. (E &
F) Example of chimeric embryoid hEB derived from chimeric colony shown in (C & D).
(E) Phase contrast image of hEBs; (F) immunofluorescence image of same hEBs.

Ab: Antibody; hEB: Human embryoid body; hESC: Human embryonic stem cell.

Adapted from [62].
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