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The heart is the first crucial functioning organ in a developing embryo. The cell
essential for the pumping of the blood through the vascular system is the
cardiomyocyte. Cardiomyocyte precursors (CPCs) develop in the mesoderm of
the embryo in close association with the endoderm. Recent advances in our
knowledge on CPC show that during the initial formation of the heart tube, the
so-called first heart field (FHF) progenitors are important. These primarily form the
left ventricle of the mature heart. Thereafter, second heart field (SHF) CPCs add the
right ventricle and outflow tract as well as part of the inflow tract to the looping
heart tube. During the process of addition and looping, septation and valve forma-
tion take place. The resultant is a four-chambered heart with a unidirectional flow
from the right and left atria to the right and left ventricles and respective pulmonary
trunk and ascending aorta. This complex remodeling process is highly dependent on
instructive and cellular contribution from various surrounding cell populations.
These comprise in the early embryo the endoderm as well as later on the endocar-
dium and the epicardium with its epicardium-derived cells (EPDCs). These cell
populations are essential in their interaction with the immature myocardial cells for
their proper differentiation and the eventual myocardial architecture. Last but not
least, the development of a coronary vascular system with endothelial cells and
EPDC-derived smooth muscle cells completes the demands of the oxygenation of
the cardiomyocytes. Whether the differentiation of a specific population of the
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cardiomyocytes into the cardiac conduction system requires an interaction with
surrounding cells is still unresolved.

Interest in cardiomyocyte origin and maturation has been highly augmented by
the use of cardiac stem cells and inducible progenitor cells (iPCs) for therapeutic
aims in life-threatening myocardial pathology and possibly in the future congenital
heart disease.

In this section, many aspects of cardiomyocyte (patho-)biology are addressed.
For the possible use in the future of CPCs, it is essential to know whether there are
differences between FHF- and SHF-derived CPCs as they have their specific
contributions to the right and left ventricle with again their specific cardiac failure
problems. Single cell transcriptome analysis might be a novel technique to unravel
this question. In early development, the inductive role of the endoderm with several
important molecular factors like FGFs including the importance of the related
thyroid hormone system should be considered with a possible impact on cardiac
disease.

Intriguing is the question of cardiomyocyte regeneration capacities in the mature
heart not only by reactivation of the dormant CPC population but also by under-
standing the molecular mechanism underlying the normal cardiomyocyte cell
cycle. Cardiomyocyte proliferation is highly active in the prenatal heart and stops
postnatally. Understanding of the mechanism underlying this process and the
possibility to extend or to reactivate cardiomyocyte proliferation, in which Meis1
is reported to have a role, might be of great clinical value.

Of similar interest are aspects of formation of the architecture of the myocardial
wall consisting of 30 % cardiomyocytes and 70 % cardiac fibroblasts. The
myocardial wall develops from a simple two-layered structure into a trabecular
layer on the inside and a compact layer on the outside. During development, the
relative contributions vary in which the compact layer increases in thickness and
the trabecular layer through compaction diminishes. A proper balance of trabecular
and compact layer formation seems to be regulated by the Notch pathway-mediated
endocardial to myocardial interaction. Disturbance of this pathway in mice may
result in a phenotype that resembles a left ventricular non-compaction cardiomyop-
athy (LVNC) also observed in human familial mutations in this pathway. Likewise,
epicardial to myocardial interaction is essential for compact myocardial layer
formation as well as ventricular septation. A role of the epicardium in the formation
of an anterior-folding ventricular septum is described, shedding new light on the
development of ventricular septal defects.

In conclusion, understanding of myocardial pathology and resultant therapeutic
and preventive measures, in CHD as well as adult cardiovascular disease, deserves
a highly diverse research approach as is elegantly highlighted in this section.
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Abstract

For this decade, heart development has been extensively elucidated by the
introduction of the concepts of “heart fields” and “cardiac progenitor cells
(CPCs)”. It is believed that multipotent CPCs are specified among the most
anterior part of lateral plate mesoderm as belonging to the two anatomical fields;
the first heart field (FHF), which is the future left ventricle and atria, and the
second heart field (SHF), which is the future right ventricle and outflow tract of
the heart. However, the paradigm of two heart fields dependent on conventional
marker genes is still disputed, so the existence of independent CPCs specific to
each HF remains an open question. In addition, the molecular mechanism
underlying the specification of CPCs remains largely unknown. A single-cell
transcriptomic approach, which is realized by the recent advances in molecular
biology, can be one of the solutions to bring some breakthrough in this subject.

Keywords
Cardiac progenitor cells « First heart field « Second heart field  Single-cell
transcriptomics

10.1 Introduction
Better understanding of the molecular mechanism of heart development is vital to

clarify the pathophysiology of congenital heart diseases and will benefit us in terms
of prediction, prevention and treatment of such diseases in the future. In addition,
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the information of multipotent cardiac progenitor cells (CPCs) is expected to be
valuable for stem cell-based regeneration therapy for the failed heart. However, our
knowledge is still insufficient for full translation to the clinical arena.

Here, we review the current knowledge of the earliest phase of cardiac develop-
ment in mice focusing on CPC specification and discuss the potential of single-cell
transcriptomic analyses to elucidate the mechanism [1, 2].

10.2 CPCs of the Two Heart Fields

The heart is one of the first anatomical structures formed during embryogenesis.
Fate mapping studies indicated that the nascent mesodermal cells contributing to
the heart came through the anterior half of primitive streak on embryonic day
(E) 6.5 (Fig. 10.1a) [3]. These mesodermal cells migrate anteriorly acquiring the
identity of lateral plate mesoderm. At E7.5, the anterior part of lateral plate
mesoderm is identified as the heart fields, the direct source of the heart tube
[1, 4]. Then the subsequent morphogenesis to create the heart with the four
chambers, including the heart tube formation and looping, occurs.
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Fig. 10.1 The heart development. (a) Schematic illustration of the heart development. The
progeny of FHF is indicated by red and that of SHF is by blue. (b) A hypothetical model of the
lineage tree of the heart mesoderm. In this model, it is hypothesized that the independent
multipotent CPCs of each heart field. (¢) An alternative model of the heart mesoderm lineage
tree. In this model, common CPCs are hypothesized, and only in the case of SHF, the multipotent
state might be maintained. a/ allantois, CC cardiac crescent, CMs cardiomyocytes, LA left atrium,
LV left ventricle, nm nascent mesoderm, OFT outflow tract, ps primitive streak, RA right atrium,
RV right ventricle
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According to the fate map, the anatomical heart fields are divided into two major
subgroups, the first heart field (FHF) and the second heart field (SHF) (Fig. 10.1a)
[1]. FHF is the classical cardiac crescent and is known to contribute to the left
ventricle and parts of the atria. SHF contributes to the right ventricle, outflow tract
and also parts of atria. These anatomical fields are currently distinguished with the
following molecular markers. The genes encoding transcription factors, Nkx2-5 and
Tbx5, mark the FHF, whereas Is// marks the SHF at E7.5 in the mouse [1].

CPCs are believed to appear in the period from gastrulation (E6.5) to the heart
fields’ formation (E7.5). It is thought that CPCs have been already committed
toward the heart but are multipotent to give rise to cardiomyocytes, electric
conduction system, smooth muscle and endothelium (Fig. 10.1b, c) [1]. Given the
paradigm of the anatomical two heart fields, CPCs are classified into FHF CPCs and
SHF CPCs (Fig. 10.1b). Unfortunately multipotent FHF CPCs have not been
identified (Fig. 10.1c). The cells in the cardiac crescent, the theoretical progeny
of FHF CPCs, are unlikely to be “multipotent progenitors”, because these already
express the terminal differentiation markers of cardiomyocytes, such as Actc/ and
Myl7 [1, 5, 6]. To add to this, no marker is available to identify FHF before Nkx2-5
and Thx5 expression. By contrast, the presence of multipotent SHF CPCs, which are
marked by Isl/] expression, seems to be validated with clonal tracing experiments
[7]. However, the paradigm of FHF and SHF based on Nkx2-5 and Is/] is now
disputed [1]. The expression of Is// was shown to be not specific for SHF and was
suggested to represent only the developmental stages [8, 9]. Thus, true
characteristics of CPCs should be clarified with revalidation of the conventional
biomarkers and the concept of two heart fields.

10.3 CPC Specification

The molecular mechanism underlying the specification of CPCs remains largely
unknown. In the mouse embryo, specification might occur inside the heart fields
[1, 4]. When the nascent mesoderm cells at E6.5 containing the presumptive heart
fields were transplanted heterotopically to a location other than the heart fields, the
fate was not the heart but the same as the cells of the recipient surrounding the graft
[4]. On the other hand, when the same graft was transplanted to the heart fields of
E7.5, it was committed almost only to the heart. These suggest that the migrating
presumptive heart fields are plastic and that some inductive cue for cardiac specifi-
cation is present within the heart fields. The surrounding tissue, especially the
endoderm, likely provides such an inductive cue [1, 4]. However, we cannot
exclude the possibility that some sequential events of specification take place
during the gastrulation and migration so that the unfixed cardiac competence
might be gradually and sequentially consolidated.

It has been shown that the signalling pathways of WNT, FGF, BMP, NODAL
(ACTIVIN), SHH and NOTCH are involved in the specification [1, 10]. However,
validating the precise role of each signalling pathway is difficult because their
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accurate cardiogenic function has been hard to distinguish from their overall
effects. Thus, some alternative strategy is needed to bring a breakthrough.

10.4 The Potential of Single-Cell Transcriptomics in the Study
of CPC Specification

Accurate quantitative evaluation of genome-wide gene expression provides an
essential platform to understand the states of cells of interest. In the case where a
specific subset of rare cells plays a vital role, single-cell transcriptomics are a strong
tool. Indeed, thus far, this strategy has given fruitful results in the study of the
specification of the olfactory receptors, spinal cord neurons and primordial germ
cells [11-13]. Currently, several protocols of single-cell transcriptomics have been
developed as applicable to next-generation sequencing (NGS) with sufficient cov-
erage, sensitivity and accuracy (Table. 10.1) [2].

The protocol for genome-wide analysis was first developed by Kurimoto and
colleagues for microarray and has been recently modified for NGS (Fig. 10.2a) [14—
16]. The feature of this protocol is to add artificially a poly A tail to the 3’-end of the
first-strand cDNA to generate the appropriate adapter sites for PCR amplification.
At the final step, cDNA is obtained as PCR amplicon. Disadvantageously
Kurimoto’s protocol provides only strongly 3’-biased ¢cDNA, although Tang’s
protocol likely overcomes this problem [15].

Quartz-seq is also a method applicable to microarray and NGS, based on PCR
amplification, and the architecture of the protocol is based on “suppressive PCR”
(Fig. 10.2a) [17]. This method looks superior to Kurimoto’s in terms of simple
operation, coverage and technical reproducibility.

SMART-seq utilizes a unique nature of reverse transcriptase [18]. During
reverse transcription, Moloney murine leukaemia virus reverse transcriptase adds
a short poly C tail to the 3’-end of the first-strand cDNA. Reverse transcriptase uses
a helper oligonucleotide with poly G motif as the template (“template switch”) after
annealing to the poly C tail, which results in the addition of adaptors to cDNA
(Fig. 10.2b). This template switch happens preferentially to 5’-capped mRNA so
that finally a full-length cDNA library is obtained as suppressive PCR amplicon if
oligo(dT) primer is used for the first-strand synthesis. This enrichment of full length

Table 10.1 Methods of single-cell transcriptomics

Method Principle Application References
Kurimoto et al. 2006 Poly A tailing/PCR Microarray [14]
Tang et al. 2009 Poly A tailing/PCR NGS [15]
Brouilette et al. 2012 Poly A tailing/PCR NGS [16]
Quartz-seq/-chip Poly A tailing/suppressive PCR NGS/microarray [17]
SMART-seq Template switch/PCR NGS [18]

CEL-seq IVT/PCR NGS [19]
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Fig. 10.2 Overview of the methods of single-cell transcriptomics. (a) Poly A tailing (Kurimoto’s,
Tang’s, Boulette’s protocol and Quartz-seq), (b) SMART-seq, (¢) CEL-seq. Please refer to the
main text and the relevant references for details

is a merit, but simultaneously a demerit, because any partially synthesized cDNAs
are not amplified so that the yield of cDNAs is inevitably limited.

On the other hand, CEL-seq uses mainly isothermal amplification of in vitro
transcription (IVT) by T7 polymerase (Fig. 10.2c) [19]. Theoretically, IVT is
superior to PCR in terms of liner and proportional amplification to secure better
technical reproducibility. A demerit of this protocol is that reads by NGS are
strongly biased toward 3’-end.

Lastly, we should discuss the limitations of single-cell transcriptomics. First,
there is always a technical noise due to pippetting error, difference of system
(including enzymes, thermal cycler and NGS machine) and amplification bias. Of
note, the “Monte Carlo effect”, the cause of large quantitative errors of small copy
number mRNAs due to the stochastic events within an initial few cycles of PCR
reaction, is uncontrollable. Amplification bias is inevitable to some extent in the
protocols dependent on PCR, although every protocol has been well validated to
secure its sufficient technical reproducibility. Second, the lack of topological
information precludes us from referring the obtained expression profile to the cell
in the embryo if no molecular markers exist. Thus it is necessary to consider how to
fill such lost information.
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10.5 Future Direction and Clinical Implication

The strategy of single-cell transcriptomics has great potential to increase under-
standing of CPC specification, their ground state and differentiation. This knowl-
edge will be utilized in order to control the commitment of pluripotent stem cells
including ES cells and iPS cells for future clinical application as stem cell-based
regeneration therapy.
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Abstract

The neonatal mammalian heart is capable of substantial regeneration following
injury through cardiomyocyte proliferation (Porrello et al, Science 331:1078—
1080, 2011; Proc Natl Acad Sci U S A 110:187-92, 2013). However, this
regenerative capacity is lost by postnatal day 7 and the mechanisms of
cardiomyocyte cell cycle arrest remain unclear. The homeodomain transcription
factor Meisl is required for normal cardiac development but its role in
cardiomyocytes is unknown (Paige et al, Cell 151:221-232, 2012; Wamstad
etal, Cell 151: 206-220, 2012). Here we identify Meis1 as a critical regulator of
the cardiomyocyte cell cycle. Meisl deletion in mouse cardiomyocytes was
sufficient for extension of the postnatal proliferative window of cardiomyocytes
and for reactivation of cardiomyocyte mitosis in the adult heart with no deleteri-
ous effect on cardiac function. In contrast, overexpression of Meisl in
cardiomyocytes decreased neonatal myocyte proliferation and inhibited neonatal
heart regeneration. Finally, we show that Meis1 is required for transcriptional
activation of the synergistic CDK inhibitors p15, p16, and p21. These results
identify Meis1 as a critical transcriptional regulator of cardiomyocyte prolifera-
tion and a potential therapeutic target for heart regeneration.
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11.1 Introduction

The past decade witnessed a revolution in our understanding of cardiac biology,
with groundbreaking research demonstrating that the adult mammalian heart is
capable of limited but measurable cardiomyocyte turnover [5-9]. However, the
ultimate goal of complete regeneration of the heart remains elusive. In stark
contrast to the adult mammalian heart, we recently demonstrate that the mammalian
heart is in fact capable of complete regeneration following apical resection of 15 %
of the ventricular myocardium [1]. This remarkable regenerative capacity was
associated with robust cardiomyocyte proliferation throughout the myocardium.
Moreover, lineage-tracing studies demonstrated that the newly formed myocytes
were derived from preexisting cardiomyocytes, rather than from a progenitor
population. Finally, we showed that cessation of this regenerative phenomenon
occurred at postnatal day 7 (P7), which coincides with the developmental window
when cardiomyocytes become binucleate and withdraw from the cell cycle
[9, 10]. It is unclear whether the loss of this regenerative potential in the adult
heart is due to an intrinsic cell cycle block in adult cardiomyocytes or to loss of
mitogenic stimuli as the heart ages (or both). Thus, it is important to determine the
mechanisms by which the mammalian heart switches off this regenerative capacity
in the week after birth.

In an effort to identify genes involved in postnatal regeneration arrest, we
performed several gene arrays following MI at multiple postnatal time points.
This allowed us to identify Meisl as one of the few transcription factors that
were dysregulated between injury at P1 and injury at P7 and P14. Meis1 has been
studied extensively in the hematopoietic system, is required for normal hematopoi-
esis, and also plays an important role in leukemogenic transformation [11-
14]. What little is known about the role of Meisl in the heart comes from global
KO studies resulting in numerous cardiac defects. However, given that global
Meisl deletion results in embryonic lethality by E14.5, full characterization of
the role of Meis1 in cardiomyocytes has been difficult [13, 15, 16]. Despite the role
of Meisl in regulation of hematopoiesis and cardiac development, the mechanism
of action of Meisl remains poorly characterized. Our results indicate that Meisl
expression and nuclear localization in cardiomyocytes coincide with cell cycle
arrest. Cardiomyocyte cell cycle exit is associated with downregulation of positive
cell cycle regulators (CDK2, CDK3, CDK4, CCNDI1, and CDK cofactors) and
induction of cell cycle inhibitors (CDKI, members of the INK4 and CIP/KIP
families) [10, 17-20]. We identified conserved Meisl domains in only two key
CDK inhibitors, namely, pl16 and p21, which are known to regulate all three cell
cycle checkpoints. We demonstrated that Meis1 regulates the pattern of expression
of these two cell cycle inhibitors following Meisl knockdown. These results
provide role and mechanism of cell cycle regulation by Meisl1.
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11.2 Results

11.2.1 Expression of Meis1 During Neonatal Heart Development
and Regeneration

Transcriptional regulation of postnatal cardiomyocyte cell cycle arrest is unclear.
Our initial screens identified Meisl as a potential transcriptional regulator of
neonatal heart regeneration. Therefore, we conducted this study to determine the
role of Meisl in regulation of cardiomyocyte cell cycle. We first examined the
expression pattern of Meisl during neonatal heart development and regeneration.
gPCR showed a modest increase in Meisl expression between postnatal day
1 (P1) and P7 (Fig. 11.1a). Meisl was localized to perinuclear regions in neonatal
cardiomyocytes at P1 and nuclear localized by P7 and P21 (Fig. 11.1c). Myocardial
infarction (MI) at P1, which is associated with an induction of robust
cardiomyocyte proliferation at day 7 post-MI, was associated with a modest
decrease in the expression of Meisl, whereas Meisl mRNA expression levels
were significantly increased following MI at P7, a time point coinciding with lack
of mitotic induction of cardiomyocytes (Fig. 11.1b).

11.2.2 Cardiomyocyte Proliferation Beyond Postnatal Day
7 Following Meis1 Deletion

We generated cardiomyocyte-specific Meisl knockout (KO) mice by crossing
Meis1”" mice with «MHC-Cre mice (Fig. 11.2a). qRT-PCR of cardiomyocytes
from Meis1”" «MHC-Cre (Meis1KO) compared to aMHC-Cre (control) mouse
hearts confirmed a change in gene expression consistent with Meisl deletion in
cardiomyocytes (Fig. 11.2b). Phenotypic characterization of Meis1 KO mice at P14
(1 week beyond the normal window of postnatal cardiomyocyte cell cycle arrest)
demonstrated that heart size (Fig. 11.2¢c, d) and cardiac function (Fig. 11.2¢) were
unaffected by Meisl deletion. However, Meis1 KO cardiomyocytes were smaller
compared to control cardiomyocytes (Fig. 11.2f), which may imply that the
cardiomyocyte number is increased in MeislKO (smaller cardiomyocyte size,
with no change in heart-to-body weight ratio). Therefore, we examined the
Meisl1KO hearts for myocyte proliferation using the mitosis marker pH3
(phosphorylated histone H3) and the cytokinesis marker Aurora B kinase. Meisl
deletion resulted in induction of cardiomyocyte proliferation as quantified by an
increase in the number of pH3+TnnT2+ (troponin T2) cells (Fig. 11.2g). In addi-
tion, we found that Aurora B was markedly expressed in the cleavage furrow
between proliferating myocytes in the KO hearts (0.5-fold) (Fig. 11.2h). We also
found a significant increase which did not result in an increase in myocyte apoptosis
by TdT-mediated dUTP nick end labeling (TUNEL) staining (Fig. 11.2k).
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(EF) and fractional shortening (FS). (f) Wheat germ agglutinin (WGA) staining and cell size
quantification. (g) Confocal image with z-stacking showing co-localization of pH3, TnnT2, and
Hoechst in a Meis1KO heart at P14. Immunostaining showing sarcomere disassembly and normal
sarcomeric structure in Meis1KO hearts. Graph shows quantification of the number of
pH31+TnnT21+ nuclei. (h) Expression of Aurora B in Meis1KO cardiomyocytes at P14 and
quantification of the number of Aurora B+TnnT2+ cardiomyocytes

11.2.3 MI in Meis1 Overexpressing Heart Limits Neonatal Heart
Regeneration

To determine whether forced Meis1 expression can inhibit neonatal cardiomyocyte
proliferation, we generated a cardiac-specific Meis1 overexpressing mouse (Meis1
OE) by crossing pTRE-Meisl mice with aMHC-tTA mice to allow for specific
overexpression of Meisl in cardiomyocytes (Fig. 11.3a) around birth in the absence
of tetracycline. We used a Meisl line that overexpressed Meisl by 2.5-fold
(Fig. 11.3b). Overexpression of Meisl did not result in a significant increase in
heart-to-body weight ratio (Fig. 11.3c, d), normal systolic function (Fig. 11.3e), and
increased cardiomyocyte size (Fig. 11.3f). Despite the increase in cardiomyocyte
size in Meis1 (OE) hearts, the lack of decrease in heart-to-body weight ratio most
probably reflects a decrease in the number of cardiomyocytes. This is supported by
a decrease in the number of mitotic cardiomyocytes in the neonatal Meisl
(OE) hearts (Fig. 11.3g). More notably, Meisl OE inhibited neonatal heart regen-
eration following induction of MI at P1 (Fig. 11.3h—j), whereas the wild-type hearts
regenerated normally. Finally, Meisl OE in cardiomyocytes resulted in
upregulation of CDK inhibitors, most significantly p21 (Cdknla) (Fig. 11.3k).
These results indicate that Meisl overexpression in the neonatal heart results in
premature cardiomyocyte cell cycle arrest.
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Fig. 11.3 Meisl overexpression limits neonatal heart regeneration following MI. (a) Schematic
of Meisl overexpression (OE) in the heart. Control mice were cMHC-tTA, Meis1 (OE) mice were
pTREMeis1-aMHC-tTA. (b) qRT-PCR demonstrates overexpression of Meisl. (¢) HW-to-BW
ratio in control and Meis1 (OE) mice. (d) H & E staining of WT and Meisl (OE) hearts. (e) LV
systolic function quantified by EF. (f) WGA staining and cell size quantification. (g)
Immunostaining image showing co-localization of pH3, TnnT2, and Hoechst in Meisl
(OE) heart at P3. Graph shows quantification of pH3+TnnT2+ nuclei. (h) Schematic of neonatal
MI during the regenerative window at P1. (i) LV systolic function of WT and Meis! (OE) hearts at
21 days post-ML. (j) Trichromes at day 21 post-MI. (k) gqRT-PCR of CDKIs in hearts of Meisl
(OE) compared to control

11.2.4 Regulation of Cyclin-Dependent Kinase Inhibitors by Meis1

In order to determine the mechanism by which Meisl regulates cardiomyocyte
proliferation, we performed a cell cycle PCR array. We found that Meis1 deletion
resulted in downregulation of cyclin-dependent kinase inhibitors in isolated
cardiomyocytes, including members of the Ink4b—Arf-Ink4a locus (p16, p15, and
p19ARF) and CIP/ KIP family (p21 and p57), as well as upregulation of a number
of positive regulators of the cell cycle (Fig. 11.3a, b). gqRT-PCR confirmed these
results (Fig. 11.4a). Of all the dysregulated cell cycle genes, we identified
conserved Meisl consensus binding sequences in the promoter region of only two
loci, namely, the Ink4b—Arf-Ink4a (which includes p16INK4a, p19ARF, and
p15INK4b) (Fig. 11.4b) and p21 loci (Fig. 11.4¢) using the UCSC genome browser
(http://genome.ucsc.edu). To test if Meisl can transcriptionally activate Ink4b—
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Fig. 11.4 Regulation of cyclin-dependent kinase inhibitors by Meisl. (a) gPCR of CDKIs in
purified Meis1KO cardiomyocytes demonstrates significant downregulation of CDKN1A (p21),
CDKN2B (p15), CDKN2A (p16), p19ARF, CDKN2C (p18), and CDKNIC (p57). (b) Highly
conserved Meisl motifs located in pl6INK4a/pl9ARF/pl15INK4b promoter and luciferase
reporter assay for INK4b—ARF-INK4a promoter demonstrating induction of INK4b—ARF-
INK4a pGL2 reporter by Meis1 and loss of reporter activity following mutation of Meis1 motifs
(INK4b—ARF-INK4a-Mutant). (¢) Highly conserved Meisl motif located in p21 promoter and
luciferase assay for p21 demonstrating induction of p21 pGL2 reporter by Meisl and loss of
reporter activity following mutation of Meis1 motifs (p21 Mutant). (d) In vivo confirmation of
Meisl interaction with INK4a/ARF/INK4b and p21 promoters by ChIP assay

Arf-Ink4a and p21, we generated luciferase reporter constructs containing the
conserved Meisl binding motifs. Luciferase reporter assays with INK4b—ARF-
INK4a—pGL2 (Fig. 11.4b) and p21-pGL2 reporters (Fig. 11.4c) demonstrated a
dose-dependent activation by Meisl. Mutation of the putative Meisl binding sites
abolished the Meis1-dependent activation of the luciferase reporters (Fig. 11.4b, c).
Finally, we demonstrated an in vivo interaction between Meisl and Ink4b—Arf-
Ink4a and p21 promoters in the adult mouse heart by ChIP (Figs. 11.4d and 11.5).

11.3  Future Direction and Clinical Implications

The current study identifies Meisl as a critical transcriptional regulator of
cardiomyocyte cell cycle, upstream of two synergistic CDKI inhibitors. Although
the mechanism of activation of Meisl in the postnatal heart is not quite fully
understood, results have demonstrated that Meisl expression coincides with Hox
genes that are known to interact with Meis|, stabilize its DNA binding, and enhance
its transcriptional activity. Therefore, it would be important for future studies to
define the transcriptional network involved in mediating the effect of Meisl on
postnatal cardiomyocytes. Ultimately, we hope to utilize our understanding of the
role and mechanism of Meisl in cardiomyocyte proliferation to uncover new
disease mechanisms and therapeutic approaches for cardiovascular diseases.
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Fig. 11.5 Proposed model of cardiomyocyte cell cycle regulation by Meisl. Meisl regulates
cardiomyocyte cell cycle arrest through transcriptional activation of CDKIs, INK4b—ARF-INK4a
locus, and p21, as well as indirectly through a number of other cell cycle regulators. Activation of
CDKIs leads to cell cycle arrest by inhibiting CDKs. Statistical significance: Values presented as
mean = SEM. A Student’s ¢ test was used to determine statistical significance. *P < 0.05.
**P <0.01
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Abstract

The heart is the first organ to develop in the embryo, and its formation is an
exquisitely regulated process. Inherited mutations in genes required for cardiac
development may cause congenital heart disease (CHD), manifested in the
newborn or in the adult. Notch is an ancient, highly conserved signaling pathway
that communicates adjacent cells to regulate cell fate specification, differentia-
tion, and tissue patterning. Mutations in Notch signaling elements result in
cardiac abnormalities in mice and humans, demonstrating an essential role for
Notch in heart development. Recent work has shown that endocardial Notch
activity orchestrates the early events as well as the patterning and morphogenesis
of the ventricular chambers in the mouse and that inactivating mutations in the
NOTCH pathway regulator MIND BOMB-1 (MIB1) cause left ventricular
non-compaction (LVNC), a cardiomyopathy of poorly understood etiology.
Here, we review these data that shed some light on the etiology of LVNC that
at least in the case of that caused by MIBI mutations has a developmental basis.
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12.1 Introduction

Heart development begins in the mouse at embryonic day 7 (E7) when pre-cardiac
precursor cells move forward bilaterally into the lateral plate mesoderm to form the
cardiac crescent [14]. By ES8, a linear heart tube is formed after folding of the
mesodermal layers from both sides of the embryo, and the two main tissues of the
heart are present, the endocardium inside and the outer myocardium. At E9.0, the
heart loops and grows by addition of cells from both cardiac poles [20]. At E9.5, the
heart divides afterward into developmental domains that would allow the formation
of two regions, the valve and the chamber regions [24] (Fig. 12.1a).

We will describe in some detail the process of ventricular chamber development
because it is the focus of this review. At E9.5, the process of trabeculation begins in
the primitive ventricles. Trabeculae are highly organized sheets of cardiomyocytes
that protrude toward the light of the ventricles [3]. Trabeculae are the first structural
landmark of the developing ventricles [31]. They increase the ventricular surface
and allow the myocardium to grow in the absence of coronary vessels that will be
formed later. Trabeculae are important for contractibility, formation of the conduc-
tion system, and blood flow direction in the ventricle. Although trabeculae start to
form first in the left ventricle and later in the right ventricle, there are no differences
between these structures in the two ventricles. Formed trabeculae have no free ends
and they make the ventricle appear like a sponge [31] (Fig. 12.1b). From E10.5
onward, the ventricular myocardium has two well-defined regions, morphologically
and molecularly, the outer compact myocardium and the inner trabecular layer. The
compact myocardium is less differentiated and shows a higher proliferation rate
than the trabecular myocardium [31]. Differentiated cardiomyocytes will give rise
to the working myocardium and the conduction system [31]. After completion of
ventricular septation around E14.5, further growth and maturation of the ventricular
chambers require a complete trabecular remodeling and reorganization into an
apico-basal orientation that determines the shape of the ventricles (Fig. 12.1c).
Trabeculae become compacted and as a result there is a significant change in the
ratio of compact vs. trabecular myocardium in the ventricle. Trabeculae compac-
tion is accompanied by the hypoxia-dependent invasion of the coronary vasculature
from the epicardium into the compact layer of the myocardium [33]. As they
compact, the intertrabecular recesses are transformed into capillaries of the rising
coronary plexus. This is followed by a reorganization of the muscle fibers of the
heart that organize in a three-layered spiral around the heart reflecting the twisting
pattern of heart contraction [31]. Trabeculae stop proliferating while the prolifera-
tion of the compact zone sustains the growth of the chamber and the contribution of
the compact layer to the heart becomes more significant than the one of the luminal
trabeculations that will eventually disappear. How exactly this happens and what
molecular mechanisms drive this process is unknown.
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Fig. 12.1 Overview of early heart development. (a) Ventral views of the developing mouse
embryo. At E7.0, cardiac progenitors (yel/low) migrate to the center of the embryo to form the
cardiac tube and at E7.5, two cardiac fields can be distinguished: the first heart field (FHF; yellow)
and the second heart field (SHF; green). By E8.0, the cardiac tube is formed where endocardium
and myocardium are already present. At E9.0 the tube loops and at E9.5, has four anatomically
distinct regions: atrium, atrioventricular canal (AVC), ventricle (V), and outflow tract (OFT).
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12.2 Left Ventricular Non-compaction (LVNC)

LVNC is a cardiomyopathy of poorly understood etiology that is characterized by
prominent and excessive trabeculations with deep recesses in the ventricular wall
[18]. LVNC was first diagnosed in 1984, in a 33-year-old woman assessed by
echocardiography [10]. Since then, the heterogeneity of its symptoms might have
left many LVNC cases undiagnosed [18], giving a lower estimation of its real
impact as a cardiomyopathy. The improvement in imaging technologies and the
advent of CMRI allow now a better diagnosis of this disease, and 10 years after the
first description, LVNC was included in the World Health Organization (WHO)
catalogue of cardiomyopathies [30]. In 2006, the American Heart Association
included LVNC to its list of genetic cardiomyopathies caused by an arrest of the
normal compaction process of the developing myocardium [23]. LVNC can be
almost asymptomatic or manifest as depressed systolic function [7], accompanied
by systemic embolism, malignant arrhythmias, heart failure, and sudden death [25],
although its clinical manifestation and the age of the affected individual at symptom
onset are variable. LVNC was shown to be caused by mutations in genes encoding
mainly structural proteins of the cardiac muscle, cytoskeleton, nuclear membrane,
and chaperone proteins. In general, familial forms of LVNC are transmitted as an
autosomal-dominant trait [7]. The underlying molecular mechanisms that produce
the structural abnormalities leading to LVNC are still unknown [34].

12.3 The NOTCH Signaling Pathway

Notch is a conserved signaling pathway that regulates cell fate specification,
differentiation, and tissue patterning via local cell interactions [2]. There are four
Notch receptors in mammals, Notch1-Notch4, which are expressed in different
tissues and at different times during embryonic and adult life. Notch is a large type I
transmembrane receptor that has two distinct domains, an extracellular domain
(NECD) responsible for the interaction with the ligands and an intracellular domain
(NICD) responsible for signal transduction (Fig. 12.2). NECD contains a varied
number of tandem arrays of epidermal growth factor (EGF)-like repeats [2]. NICD
is composed of the RAM23 domain and 6 ankyrin repetitions responsible for the
interaction with RBPJK, the transcriptional effector of the pathway; two nuclear
localization signals; a transcriptional activation domain only present in Notchl and
Notch2; and a terminal PEST domain that negatively regulates the stability of the
receptor [21]. NECD and NICD are synthesized as a single polypeptide, which is
directly cleaved after translation by a furin convertase in the Golgi. This first

Fig. 12.1 (continued) Endocardial cushions are formed in valvulogenic regions of the heart
(green, OFT and blue, AVC) and trabeculae appear in the ventricles (b). At E15.5, trabeculae
are undergoing compaction and there is a thick compact myocardium (c) that becomes very
prominent in the adult ventricle that has a smooth surface (d)
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Fig. 12.2 The Notch signaling pathway. The Notch ligands Delta and Jagged are tethered to the
membrane of the signaling cell. On their way to the plasmatic membrane, the Notch receptors are
modified in their extracellular domains (NECD) by Fringe. Upon ligand-receptor interaction, Mib1
ubiquitylates the ligand, targeting it for endocytosis. Pulling of NECD allows the cleavage and
release of NICD by y-secretase. NICD translocates to the nucleus and forms a transcriptional
activation complex together with RBPJK and MAML that activates target genes transcription,
including Hes and Hey that encode transcriptional repressors

cleavage [6] is necessary to form the functional heterodimeric receptor that will be
translocated to the membrane where the two domains are still associated by Ca*"-
dependent non-covalent bonds [28]. In mammals, the Notch ligands belong to the
Delta-like (D111, DII3, and DI114) and Jagged (Jagl and Jag2) families. The ligands
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are type I transmembrane proteins and their extracellular domains are composed by
a repetition of EGF-like domains responsible for the interaction with the receptor
and the DSL (Delta, Serrate, Lin12) domain (Fig. 12.2) [21]. The glycosyl-
transferase Fringe can modify the EGF-like domain in the NECD of the receptor
by adding O-fucose glycans [5] (Fig. 12.2). This modification determines which
ligand preferentially binds to the receptor. There is evidence that the presence of
Fringe shifts the activation balance toward Delta-like ligands at the expense of
Jagged ligands when both molecules are expressed at the same time in the same
tissue [4]. The E3 ubiquitin ligase Mind bomb1 (Mib1) regulates the endocytosis of
the Notch ligands when bound to NECD, a prerequisite for Notch activation
[16]. Mib1 binds to the two families of Notch ligands, and it is a point of regulation
of the pathway in the signaling cell. Upon interaction of ligand and receptor, Mibl
targets by ubiquitylation the ligand for endocytosis [16]. The ligands are
endocytosed, mechanically pulling NECD producing a conformational change
that exposes a second cleavage site [27] allowing a metalloprotease of the
ADAM family to cleave NECD [13] that is finally endocytosed into the signaling
cell together with the ligand. Immediately after, y-secretase/Presenilin cleaves the
receptor in a third site liberating the NICD in the cytoplasm of the receiving cell
[26] (Fig. 12.2). NICD translocates to the nucleus where it binds to the transcription
factor CSL or RBPJK via by the RAM23 domain [32]. In the absence of Notch
signaling activation, RBPJK is bound to nuclear corepressors that inhibit gene
expression. Upon the interaction of NICD with RBPJK, the transcriptional
repressors are released and transcriptional activators such as Master mind-like
(Maml) [35] are recruited forming a protein complex that activates the expression
of target genes (Fig. 12.2).

12.4 NOTCH in Ventricular Chamber Development

Notch pathway elements show a complex expression pattern in the developing
mouse chambers. At E9.5, Mibl is expressed in endocardium and myocardium,
DIl4 in the endocardium especially at the base of the forming trabeculae, Jagl in the
myocardium, and N1ICD is only active at discrete sites where the trabeculae form
[9]. Analysis of standard and endothelial-specific Notchl and RBPJk mutants shows
that trabeculation is severely impaired and only primitive, poorly organized
trabeculae can be observed in these mutants [12]. Molecular analysis indicates
that during trabeculation, Notch modulates three different signals: EphrinB2 [1],
expressed in the endocardium, is a direct Notch target. Nrgl [15], also expressed in
the endocardium, is an indirect Notch target, and its expression depends both of
Notch and EphrinB2 [12]. Nrgl induces the formation of the ventricular conduction
system, a feature of ventricular maturation [29]. A third signaling pathway is
Bmp10 [8], expressed in trabecular myocardium and whose expression is severely
downregulated in Notch pathway mutants, suggesting that Notch is required to
produce a signal that activates Bmp10 in the myocardium [12]. During these early
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Fig. 12.3 Proposed
mechanism of Notch function
in trabeculation. (a, b detail)
DIl4 activates Notchl at the
base of the developing
trabeculae. N1ICD/RBPJK
activates EphrinB2(Efnb2)/
EphB4 signaling in the
endocardium, which in turn is
required for Nrgl expression
in this tissue. Nrgl activates
ErbB2/ErbB4 signaling in
myocardium to promote
cardiomyocyte
differentiation. In addition,
Notchl signaling in
endocardium is required for
Bmp10 expression and
therefore proliferation of
trabecular cardiomyocytes
(Modified from [12])

stages, the ligand DIl4 is the main Notch activator in the endocardium [12]
(Fig. 12.3).

To precisely determine the contribution of Notch ligands to ventricular chamber
development, we bred mice bearing a conditional allele of Mib! with myocardium-
specific Cre driver line ¢cTnT-Cre [19]. Histological examination at E16.5 revealed
that Mib1"**;cTnT-Cre mutants had a dilated heart with a thin compact myocardium
and large, non-compacted trabeculae, protruding toward the ventricular lumen.
Morphological and functional analysis using echocardiography and cardiac mag-
netic resonance imaging (CMRI) showed prominent trabeculations, deep
intertrabecular recesses, and a significantly reduced ejection fraction in mutant
mice [22]. The hearts of these mice had a ratio of non-compacted to compacted
myocardium (non-compaction index, NC) of 2.0, a feature diagnostic of LVNC in
humans [11, 17]. These features are all strongly reminiscent of LVNC, establishing
Mib"*%,¢TnT-Cre mice as the first animal model of LVNC [22]. Analysis of
chamber markers in E15.5 Mib""*,cTnT-Cre mice revealed expansion of various
compact myocardium markers (Hey2, Thx20 and n-myc) to the trabeculae and
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reduced expression of the trabecular markers Anf, Bmpl0, and Cx40. These markers
were normally expressed at earlier stages, suggesting that maintenance of
trabecular maturation and patterning is impaired in MibI"**;cTnT-Cre mutants.
Likewise, lost or reduced Heyl, Hey3, and EphrinB2 expression in the vessels of
the compact myocardium suggested that coronary artery development was defec-
tive. Proliferation analysis revealed increased proliferation of trabecular
cardiomyocytes in the hearts of E15.5 Mibl”*";cTnT-Cre embryos, suggesting
this as the cause of the enlarged, non-compacted trabeculae in these mutants.
RNA sequencing analysis of E14.5 MibI"**;cTnT-Cre mutant ventricles identified
altered expression of 315 genes (132 upregulated and 183 downregulated). The
expression of genes involved in the differentiation of cardiac endothelium/endo-
cardium and cardiomyocytes and coronary vasculogenesis was altered. RNA-Seq
data also confirmed the in situ hybridization analysis and demonstrated that Mibl/
inactivation in the myocardium disrupts the differentiation and maturation of
cardiac endothelial cells and cardiomyocytes. This may impact in turn the process
of ventricular maturation and compaction. Genetic ablation of Mib/ in the myocar-
dium thus leads to LVNC cardiomyopathy in mice by arresting ventricular
trabeculae maturation and compaction and increasing cardiomyocyte proliferation
during fetal development [22].

We next examined whether mutations in the human MIB/ homologue were
associated with clinical LVNC and identified two mutations in a cohort of
100 Southern European LVNC cases; one was a heterozygous G to T transversion
of nucleotide 2827 in exon 20 (causing a change in amino acid 943 from valine to
phenylalanine, the p.Val943Phe mutation). Val943 is located within a region that
mediates protein-protein interactions and constitutes the site of MIB1 ubiquitin
ligase activity. The second mutation was a heterozygous C to T transition of
nucleotide 1587 in MIBI exon 11 (causing a premature stop codon instead of
arginine at position 530 in the MIB1 ankyrin repeats region, the p.Arg530X
mutation). These two mutations were tracked back through three and two
generations of LVNC-affected individuals, revealing co-segregation with LVNC,
confirming the hereditary nature of the disease [22].

In silico modeling suggested that MIB1 is a homodimer where the p.Val943Phe
mutant will alter the alignment of the ring finger domains in heterodimers formed
by wild-type and mutant p.Val943Phe MIB1, as well as the angle of interaction
with JAG1 of the p.Val943Phe wild-type dimers. This possibility was supported by
co-immunoprecipitation experiments with tagged wild-type MIB1 and mutant
MIB1 isoforms co-transfected in pair-wise combinations into HEK293 cells. The
effect of the MIBI mutations on Jagl ubiquitylation was tested also in HEK293
cells. Jagl ubiquitylation was strongly reduced in cells co-transfected with wild-
type MIB1 plus p.Val934Phe or wild-type MIB1 plus the p.Arg530X mutant [22].

Lastly, to study the effect of these mutant MIBI variants in vivo, their mRNAs
were microinjected into zebra fish embryos expressing GFP in the developing
myocardium. Examination of 72 hpf larvae injected with p.Val943Phe or p.
Arg530X mRNAs revealed severely disrupted embryonic development, disrupted
cardiac looping, and kinked tail, typical of defective Notch activity. To complement
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these findings, we cocultured Jagl-HEK?293 cells expressing MIB1 variants with
Notchl-expressing HEK293 cells co-transfected with a Notch luciferase reporter.
Jag1-HEK?293 cells expressing wild-type MIBI increased Notch reporter activity,
whereas the p.Val934Phe and p.Arg530X mutant forms reduced reporter activity,
indicating that both human mutations disrupt Notch signaling [22].

Accumulated data suggested that both MIBI mutations result in loss of MIB1
WT function. In the case of p.Arg530X, this would be due to haploinsufficiency
caused by insufficient synthesis of WT MIB1 protein; in the case of p.Val934Phe,
this would be due to a dominant-negative effect of the mutant protein, titrating
down the amount of functional WT MIB1 dimers through heterotypic or homotypic
interactions. In both cases, loss of MIB1 function leads to disease inherited in an
autosomal-dominant fashion.

As to the role of Mibl in ventricular chamber development, we have proposed
that myocardial Mibl activity enables Jagl-mediated activation of Notchl in the
endocardium, to sustain trabeculae patterning, maturation, and compaction [22] and
(Fig. 12.4). Abrogation of Mibl-mediated signaling in the myocardium disrupts
trabeculae maturation and patterning, arresting the development of chamber myo-
cardium and resulting in LVNC (Fig. 12.4). The expansion of compact zone
markers to the trabeculae of E15.5 Mibl";cTnT-Cre mutants further suggests
that trabeculae patterning and maturation is impaired (Fig. 12.4). In addition, the
disruption of coronary vessel markers in MibI"**;cTnT-Cre mutants indicates that
abrogation of myocardial-endocardial Notch signaling indirectly impairs coronary
vessel formation.

12.5 Future Directions and Clinical Implications

The data reviewed here establish the causal role of NOTCH dysregulation in
LVNC, a congenital cardiomyopathy that results from a developmental arrest in
ventricular maturation and myocardial compaction. These findings will lead to a
better diagnosis and risk stratification, allowing timely intervention in LVNC-
associated complications. In addition, since other NOTCH pathway elements may
be involved in LVNC, they could serve as novel diagnostic or therapeutic disease
targets. Further research is required to determine the molecular mechanisms and
regulatory interactions underlying NOTCH function in ventricular chamber devel-
opment using genetically modified mouse models and the full implication of altered
NOTCH signaling in human LVNC.
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Endocardium

Trabeculae
patterning,
maturation and
compaction

Loss of trabecular
patterning,
maturation and
compaction

Fig. 12.4 Proposed mechanism of Notch function in trabecular maturation and compaction. (a) In
wild-type (WT) embryos, ubiquitylation of Jagl (and another ligand?) by Mib1 in the myocardium
allows Notchl activation in the endocardium. N1ICD is required to sustain trabecular patterning,
maturation, and compaction. The compact myocardium (expressing Hey2, Thx20 and n-myc)
proliferates actively, unlike the trabecular myocardium (expressing Anf, BmplO and Cx40).
Notch-dependent chamber maturation leads to compacted ventricular myocardium in the adult
mouse. (b) In Mib}"*; cTnT-Cre mutants, Notchl activity is impaired and compact myocardium
markers (Hey2, Thx20 and n-myc) are consequently expanded to the trabeculae, which remain
abnormally proliferative. The resulting disruption of trabecular patterning, maturation, and com-
paction manifests as LVNC (Modified from [22])
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Abstract

The epicardium has several essential functions in development of cardiac archi-
tecture and differentiation of the myocardium in vertebrates. We uncovered a
novel function of the epicardium in species with partial or complete ventricular
septation including reptiles, birds and mammals. Most reptiles have a complex
ventricle with three cava, partially separated by the horizontal and vertical septa.
Crocodilians, birds and mammals, however, have completely separated left and
right ventricles, a clear example of convergent evolution. We have investigated
the mechanisms underlying epicardial involvement in septum formation in
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embryos. We find that the primitive ventricle of early embryos becomes septated
by folding and fusion of the anterior ventricular wall, trapping epicardium in its
core. This ‘folding septum’, as we propose to call it, develops in lizards, snakes
and turtles into the horizontal septum and, in the other taxa studied, into the
folding part of the interventricular septum. The vertical septum, indistinct in
most reptiles, arises in crocodilians and pythonids at the posterior ventricular
wall. It is homologous to the inlet septum in mammals and birds. Eventually, the
various septal components merge to form the completely septated heart. In our
attempt to discover homologies between the various septum components, we
draw perspectives to the development of ventricular septal defects in humans.

Keywords
Evolution and development « Homology ¢ Ventricular septum ¢ Congenital heart
disease ¢ Epicardium

13.1 Introduction

Evolution of full division of the heart into left and right chambers by septa started
with the atrium in amphibians, followed by the ventricle in amniotes. Full ventric-
ular septation evolved independently in the lineages of the archosaurs, whose extant
representatives are the birds and crocodilians and mammals [1]. Not only is
evolution and development of ventricular septation of considerable biological
interest, it is also of clinical relevance to the understanding of many types of
ventricular septal defects in humans [2].

We demonstrated that part of the ventricular septum depends on interactions
between myocardium and the epicardium including the epicardium-derived cells
(EPDCs) for its development [3]. The septum will develop abnormally if the
epicardium is disturbed [4, 5]. Ventricular development, starting with a primitive
common ventricular tube, leading to separation into the left and right ventricle,
involves complex mechanisms including the ventricular inflow and outflow com-
partment [6, 7]. Most reptile groups show a more primitive pattern comprising a
horizontal and a vertical septum separating the ventricle into three interconnected
cavities. How the primitive reptilian pattern was modified into the complete septum
is a matter of debate. Here we report the functional role of the epicardium in
ventricular septation in lizard, snake, turtle, chicken, mouse and human using
descriptive and experimental approaches including quail-chicken chimeras by
transplantation of quail proepicardial organ into the pericardial cavity of chicken
[4]. Furthermore, epicardium-deficient animal models such as the podoplanin
knockout mouse and epicardial ablation experiments in chicken embryos were
investigated [4, 5]. With Dil labelling [8] of the myocardial surface in chicken
embryos, the outgrowth of the cardiac compartments was analysed. Thx5 expres-
sion showed gradients along the cardiac tube and so may be a useful marker for
regionalisation of the heart [9]. For experimental details and full material and
method description, we refer to [10].
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13.2 Septum Components in the Completely Septated Heart

Varying terminology is used for components of the ventricular septum and their
respective boundaries; we adopted the following. The posterior component of the
interventricular septum, between the left and right atrioventricular junctions, is the
inlet septum. We propose to use the term ‘folding septum’ (newly defined here) for
the anterior component. The septal band is a muscular ridge on the right ventricular
septal surface between the inlet and folding septum, extending as the moderator
band towards the right ventricular free wall. In the completely septated heart, the
aortopulmonary septum is the last component that closes the interventricular
communication, but has not been specifically studied here.

13.3 The Presence of the Epicardium in Amniotes

Among other species we examined embryos of Macklot’s python (Liasis mackloti),
European pond turtle (Emys orbicularis) and Chinese soft-shell turtle (Pelodiscus
sinensis). The presence of epicardium on the outer face of the myocardial heart tube
is confirmed. A pronounced subepicardium in the inner curvature of the looping
heart tube at the site of the bulboventricular fold is confirmed, here referred to as
epicardial cushion, being almost as elaborate as the adjacent endocardial atrioven-
tricular and outflow tract cushions (Fig. 13.1a). In chicken (Fig. 13.2a, b) and mouse
embryos, the presence of the (sub)epicardium is less extensive compared to the
turtle. In human embryos at Carnegie stages, 11-15 (3.6—7 mm), the surface of the
heart is closely covered by the epicardial epithelium, whereas the inner curvature
harbours an extensive epicardial cushion (Fig. 13.1b) comparable to the turtle.

wggc b\ o |
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Fig 13.1 (a, b) Sections of turtle (Emys orbicularis) (a) and human embryo (b) of comparable
developmental stages showing the epicardial cushion (EC) in the inner curvature of the looping
heart tube. AVC atrioventricular cushion, OFT outflow tract cushion



118 R.E. Poelmann et al.

ANC Ao 5 T SHES Syl - ol

Fig 13.2 (a) Chicken embryo stage 27 showing the start of the folding septum between OFT and
AVC, stained for the Wilm’s tumour antigen (WT1) marking the epicardium (brown). (b) Chicken
embryo stage 31 with an elaborate folding septum (FS) showing dispersed EPDCs (brown)
between the cardiomyocytes. LV left ventricle, RV right ventricle

13.4 The Epicardium in the Avian Heart

To investigate the fate of the epicardium during ballooning of the ventricles and
subsequent folding of the septum, we constructed quail-chicken chimeras. An
isochronic quail proepicardial organ (PEO) including a small piece of adjacent
liver tissue to provide endothelial cells was transplanted into the pericardial cavity
of HH15-17 chick embryos in an anterior position. Antibody staining revealed that
quail EPDCs and endothelial cells were present in the anterior folding septum, but
not in the dorsal inlet septum (Fig. 13.3a, b). The quail epicardial sheet dispersed
into individual cells that became distributed between the cardiomyocytes in later
stages, mostly in the core of the folding septum. In a second set of chimeras, the
quail PEO was positioned more dorsally, providing for quail EPDCs and endothe-
lial cells on the posterior ventricular surface, subsequently migrating into the inlet
septum including the septal band, without crossing over to the anterior folding
septum. This indicates the inlet septum as a separate component. Furthermore, an
epicardial sheet, characteristic for the folding septum, was not encountered. As a
consequence, expansion of the ventricles results in anterior folding of the ventricu-
lar wall, but not of the posterior wall, probably because of the physical constraints
imposed by attachment of the heart to the dorsal body wall [10].

To study septum folding during ballooning of the ventricle, fluorescent Dil was
tattooed (HH15-17) onto the ventral myocardial surface and embryos were
sacrificed between HH22 and 33. Dil was applied on the surface of the future
fold and the dye fragmented during further development into a left-sided part,
incorporated into the left side of the folding septum and a right-sided part. This
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Fig 13.3 (a, b) Quail-chicken chimeras from the anterior position. The folding septum
(FS) harbours quail-derived endothelial cells stained with the QH1 antibody (brown), whereas
the inlet septum (IS) is virtually negative

Fig 13.4 Podoplanin wild type (a) and —/— mouse (b), embryonic day 12.5. Note the diminished
number of epicardial cells and EPDCs (brown in this WT1 staining) and the thin folding septum in
the mutant
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Fig 13.5 Dil-labelled
chicken embryo stage 31 with
a thin strip of the dye in the
folding septum adjacent to the
right ventricular surface

indicates a longitudinally directed morphogenetic expansion of the right ventricular
wall compared to a transverse expansion of the left ventricle. At stage 31 the dye
was completely embedded in the folding septum as a narrow fluorescent strip
(Fig. 13.5) markedly close to the right ventricular face of the septum, indicative
of a less elaborate right ventricular contribution to the septum [10].

13.5 Disturbance of the Epicardium

Deficient septation is known in several mouse mutants and we have analysed the
podoplanin mutant mouse. Podoplanin has multiple roles in the maintenance of the
epithelium and is expressed in the mesothelium of the body cavities including the
epicardium. The knockout mouse presents with an underdeveloped PEO and
abnormal epicardial covering resulting in only a few EPDCs [5]. The phenotype
shows multiple malformations including an atrioventricular septum defect. At
embryonic day 12.5, the myocardium and the folding septum are very thin, and
the inlet septum is spongy. The diminutive septum is nearly devoid of EPDCs
suggestive of an instructive role for these cells in septation (Fig. 13.4a, b).
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13.6 Septum Components in Reptilian Hearts

The horizontal septum of developing reptiles is found in comparable stages and
location, separating ventricular cavities and harbouring an epicardial sheet similar
to the folding septum in mammals and birds. We prefer to address this structure as
‘folding septum’. The presence and extent of the vertical septum (homologous to
inlet septum) differs among reptiles, being virtually absent in turtles and most
non-crocodilian reptiles, but more prominent in varanids and pythonidae [11]. In
the python myocardial apical trabeculations traverse the ventricle to partly separate
the cavum pulmonale from the cavum arteriosum.

13.7 Tbx5 Expression Patterns

The transcription factor Tbx5 is implicated in full ventricular septation in mammals
and is expressed strongly in the left part of the cardiac tube, with expression
declining towards the right side [9]; we confirmed this expression pattern also in
early stages of the copperhead rat snake, Coelognathus. Slightly later in the
development, we show that embryonic turtle and python show expression of
Tbx5 that declines at the folding septum, but not over the dorsal wall, where a
sharp decline was found only near the outflow tract. In the chicken the Thx5 mRNA
gradient identifies the right ventricle (weak expression) from the outflow tract
(negative expression). Furthermore, a Thx5 decline is found at the folding septum
showing only strong left-sided expression, whereas Thx5 expression is present on
both sides of the inlet septum including the septal band. Thus, in the chicken the
folding and inlet septa are differentially identified by Tbx5 gradients. In the mouse
two Tbx5 gradients identify the inlet and folding septum. Protein expression is
strongest in the trabeculations of the left ventricle, weaker in the right ventricular
inlet including septal band and weakest to negative in the right ventricular outflow.

13.8 Discussion

All amniotes exhibit a folding (horizontal) septum, and here we showed the
involvement of the epicardium in fusion of the two opposing myocardial walls. In
mammals and birds, the folding septum forms the anterior part of the definitive
septum. Reducing the size of the PEO leads to diminished or retarded covering of
the myocardium and diminished production of EPDCs [4, 5, 12]. The latter can
differentiate into smooth muscle cells of the coronary vessels and into perivascular
and interstitial fibroblasts [13]. It is evident that mechanical or genetic interference
with the epicardium or EPDCs not only disturbs coronary vascularisation but can
also strongly influence cardiomyocyte differentiation and ventricular septation.
Different septal components [6, 7] have been identified in the completely
septated hearts which have been the subject of continued debate also involving
exploration of the position of central muscular ventricular septal defects and the
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connection of the tricuspid valve tendinous cords related to either septal
components. It was generally agreed that the septal band belonged to the primary
septum being the anterior or, as we now refer to it, the folding component of the
septum, but we demonstrated that it belongs to the posterior inlet septum. We newly
identified the border between inlet and folding component using several criteria:
(1) the atrioventricular cushions connect to the inlet component including the septal
band; (2) the tip of the septal outflow tract cushion originates where the folding
septum merges with the inlet septum; (3) quail cells derived from posterior PEO
chimeras do not crossover from inlet septum including septal band to the folding
septum, and vice versa in anterior chimeras, there is no crossover from folding to
inlet septum; and (4) Tbx5 expression, in contrast to earlier publications [9, 14], is
strong on the left and right side of the posteriorly located inlet septum including the
septal band, whereas only left-sided positivity is found at the anterior folding
septum. From this we postulate that the avian and mammalian embryonic ventricle
(homologous to the cavum dorsale of reptiles, which is the cavum arteriosum and
venosum combined) give rise to both the left ventricle and the inlet of the right
ventricle. This is an indication that the inlet septum originates in its entirety from
the wall of the primitive ventricle, the cavum dorsale. In the right ventricle, the
boundary of the inlet septum is provided by the septal band, which is not present in
the left ventricle, leaving here the boundary between the inlet and folding septum
less well determined. Our new model for separating the ventricles implicates more
than one component and has consequences for understanding the development of
central muscular ventricular septal defects. (Note: The development of the mem-
branous and the outflow tract septum has not been specifically addressed in this
study) Interestingly, elephants and some relatives including seacows show a very
deep anterior interventricular sulcus [10]. The anatomy of the right ventricular
septal band and the attachment of the tricuspid chordae tendineae suggest a
diminished folding mechanism resulting in retention of an early embryonic state,
also known as neoteny.

In conclusion, we have explored an evo-devo context for the hitherto overlooked
role for the epicardium in septation and have clarified complex homologies in
amniotes of the ventricular septum to understand clinical disorders of the heart in
humans.
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During embryogenesis, zebra fish cardiac precursor cells (CPCs) originating from
anterior lateral plate mesoderm migrate toward the midline between the endoderm
and the yolk syncytial layer (YSL) to form cardiac tube. The endoderm functions as
a foothold for CPCs as evidenced by the endodermal mutants (cas/sox32, sox17,
oep, faulgata5, and bon) showing two hearts (cardia bifida) [1]. Furthermore,
mutant zebra fish (foh) lacking sphingosine-1-phosphate (S1P) transporter which
is expressed in the YSL show two hearts [2], indicating the essential role for
S1P-mediated signal in cardiac development. This is also supported by a S1p2
receptor mutant (mil) which exhibits two hearts [3]. However, it is still unclear how
S1P released from YSL regulates CPC migration.

S1p2 is expressed in the endoderm. Thus, we assume that S1P released from the
YSL might activate S1p2 expressed in the endoderm, thereby regulating CPC
migration. One possibility is that S1p2-mediated signal controls the endoderm
formation as a foothold for CPCs. Another possibility is that endodermal cells
activated by S1p2 might secrete the chemokines which accelerate CPC migration or
secrete the extracellular matrix proteins for guiding CPC movement.

To test these possibilities, we need to delineate the downstream signaling of
S1p2. Recently, Ga,; is reported to inhibit Hippo-mediator Lats1/2 kinase through
a RhoGEF/Rho/Rho-kinase signaling [4, 5]. We demonstrate that the inhibition of
Hippo signaling in the endoderm by activated S1p2 is essential for endodermal cell
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Fig. 14.1 A model of
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survival and that the endoderm maintained by S1P signaling indeed becomes the
foothold for CPC migration (Fig. 14.1).
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Myogenic Progenitor Cell Differentiation Is 1 5
Dependent on Modulation

of Mitochondrial Biogenesis through

Autophagy

Yoshimi Hiraumi, Chengqun Huang, Allen M. Andres, Ying Xiong,
Jennifer Ramil, and Roberta A. Gottlieb

Abstract

Over the last decade, stem/progenitor cell therapy has emerged as an innovative
approach to promote cardiac repair and regeneration. However, the therapeutic
prospects of are currently limited by inadequate means to regulate cell prolifer-
ation, homing, engraftment, and differentiation. Autophagy, a lysosome-
mediated degradation pathway for recycling organelles and protein aggregates,
is recognized as important for facilitating cell differentiation. Studies have
shown that induced pluripotent stem cells (iPCs), which exhibit a predominantly
glycolytic metabolism, shift toward oxidative mitochondrial metabolism as a
prerequisite for the formation of sarcomeres and differentiation into
cardiomyocytes. C2C12 myoblasts are a mouse-derived myogenic progenitor
cell line which can be induced to differentiate into myotubes. We hypothesize
that autophagy is essential in coordinating transcription factor activity and
metabolic reprogramming of mitochondria to support myocyte differentiation.

Keywords
Autophagy ¢ Stem cell « Differentiation

C2C12 myoblasts were cultured in DMEM (10 % FBS) and induced to differentiate
into myotubes with DMEM (2 % horse serum) for 6 days. To disrupt autophagy,
cells were (1) transfected with 50 nM Atg5 siRNA for 8 h twice over a 48 h period
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Fig. 15.1 Proposed mechanism for the role of autophagy in C2C12 cell differentiation.
Upregulation of PGCla, MyoD, and myogenin is a hallmark of cell differentiation. Transcription
factor regulation by autophagy may affect mitochondrial turnover required for C2C12 cell
differentiation. Autophagy is essential for coordinating transcriptional regulation and mitochon-
drial dynamics to support the progression of cell differentiation

or (2) treated with 10 nM bafilomycin A1 or vehicle control for a 3 h/day for the first
3 days of differentiation. GFP-LC3 adenovirus was employed to visualize
autophagy. Western blot and real-time qPCR were used to examine proteins and
transcripts of interest. We observed increased LC3-II levels and GFP-LC3 puncta
during the differentiation of C2C12 cells, suggesting the involvement of autophagy
in this process. Transient inhibition of autophagy during the early stages of differ-
entiation with either Atg5 siRNA or bafilomycin Al interfered with myotube
formation and attenuated the upregulation of myogenic transcription factors
MyoD and myogenin. Differentiation was accompanied by an increase in PGCla
mRNA, mitochondrial mass, and oxygen consumption, all of which were blocked
by disruption of autophagy. Autophagy coordinates transcription factor expression
and mitochondrial turnover essential for cell differentiation (Fig. 15.1).
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Congenital hypothyroidism (CH) is one of the most common diseases of the endocrine
system among newborns. Infants with CH have been reported to have a high fre-
quency of congenital cardiovascular malformations (CM), such as ventricular and
atrial septal defects [1]. Some studies have demonstrated that these cases were due to
gene mutations and neural crest abnormality. Infants with CH and CM have been
shown to have significantly lower T, levels than those with isolated CH. However, the
role of thyroid hormone in the developing heart has not been reported. In this study, we
show the thyroid anlage in chick embryos by immunohistochemistry and follow the
expression of thyroid hormone receptor during heart development.

1. The thyroid anlage appeared close to the aortic sac at H/H 14 of chick embryos,
as determined by immunohistochemistry (Fig. 16.1a).

2. Avians have access to thyroid hormone long before the embryonic thyroid gland
starts to secrete hormones due to the hormone deposition in the yolk and egg
white [2].

3. We found that the expression of thyroid hormone receptors during embryonic
heart development was earlier than that reported previously published study
using RT-PCR (Fig. 16.1b) [3].
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Fig. 16.1 (a) The thyroid anlage appeared close to the aortic sac at H/H 14. as aortic sac, th
thyroid anlage. (b) The expression of thyroid hormone receptors in the developing chick heart.
TRo and TRP2 were expressed beginning on E2, and TRPO was expressed beginning on E3
(circled). E embryonic day, Ph post hatching day

These results suggest that thyroid hormone may contribute to the development of
the heart.
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