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General Introduction



Chapter 1

Early Embryogenesis

During gastrulation of the embryo the bilaminar embryo disc differentiates into a trilaminar germ
disc consisting of an ectodermal, mesodermal and endodermal layer. Ectoderm comprises the
central nervous system, and covers the outside of the body (the epidermis) while endoderm
lines the developing gut and lungs. The mesodermal layer divides into four subpopulations
known as the axial, paraxial, intermediate and the lateral plate mesoderm. The axial mesoderm
forms the chorda, the paraxial mesoderm is involved in the formation of the axial skeleton,
voluntary musculature and parts of the dermis of the skin while the intermediate mesoderm is
involved in the development of the urogenital system. The lateral plate mesoderm is involved
in the development of the extremities, body wall and viscera including the heart'.

Early Cardiogenesis

During early embryonic development, but before the formation of the first somite around
Hamburger-Hamilton (HH) stage 7 in chicken and embryonic day (E) 7.5 in mouse embryos,
the lateral plate mesoderm splits into the somatic and the splanchnic mesoderm?3. The somatic
mesoderm forms the outer layer while the splanchnic mesoderm forms the inner layer of the
newly formed coelomic cavity. Later on the somatic mesoderm contributes to the formation of
the body wall and the extremities in contrast to the splanchnic mesoderm which is involved
in the development of the viscera, including the formation of the cardiac precursors*s. The so
called cardiogenic plates are part of the left and right splanchnic mesoderm. After the fusion at
the ventral midline of the embryo in front of the buccopharyngeal membrane, both cardiogenic
plates fuse and form the primary linear heart tube which starts looping at E8.5% (Fig. 1a-c).

6 1§

Figure 1. Schematic representation of the bilateral formation of the cardiogenic plates, which are derived from the
splanchnic mesoderm (a). The bilateral plates fuse and form an initially straight heart tube (b), that starts looping to the
right (c). ANT: anterior, AP: arterial pole, POST: posterior, VP: venous pole. Adapted from Gittenberger-de Groot et al.*.
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General Introduction

The Heart Fields in Heart Development

Primary (first) heart field

Lineage tracing studies have been performed to define which cells of the lateral plate
mesoderm have the potential to form the cardiac tissue, determining the cardiogenic plates.
The splanchnic layer of the lateral plate mesoderm was characterized as the primary (first)
heart field or first lineage forming the linear heart tube?” (Fig. 2). The cells of the primary
heart field express several myocardial transcriptional factor genes showing the potency of the
primary heart field to form myocardial cells®®.

Second heart field

In the 1960s and 1970s further development of the heart tube has been described to be
related to the addition of cells from the splanchnic mesoderm to the arterial and venous pole
of the heart. This event begins at HH 14 in chick®'® and at E8 in mouse'" embryos.

These early observations have been supported by several studies describing the addition of
myocardium at the arterial pole (outflow tract)”'2'* and venous pole''s of the developing
heart from a specific area of the splanchnic mesoderm called second heart field'* or second
lineage” ¢ (Fig. 2). Recent lineage tracing and analysis of the LIM homeodomain transcription
factor Islet-1 has demonstrated not only the regulation of pharyngeal mesoderm progenitor
cells by Islet-1 but also showed addition of myocardium at the arterial and venous pole'”.
In the Islet-1 mutant embryos both poles were either hypoplastic or missing, suggesting a
regulatory role for Islet-1 in development of these regions from the second heart field" or
second lineage”'*'¢. Another gene that is involved in the development of both poles is inhibitor
of DNA-binding 2 (Id2), a member of Id family. Id2 was provided as a new marker of the
second heart field expressed in the splanchnic mesoderm and arterial and venous pole of the
chicken heart'® supporting the idea that the venous pole is also derived from the second heart
field. At the arterial pole the second heart field includes the anterior'?'® and secondary® heart
fields and at the venous pole the posterior heart field is distinguished (Chapter 2).

Anterior Heart Field

The results of fate-mapping experiments in the chicken embryos, recently reviewed'®, and the
study of transgenic mouse embryos have indicated that the entire outflow tract (right ventricle,
conus and truncus) is not derived from the primary heart field but from the undifferentiated
‘cephalic mesoderm’ located anterior to the primary heart tube. This novel heart field that
contributes to the secondary addition of myocardium at the arterial pole of the developing
heart was referred as anterior heart field'?"3.

Secondary Heart Field

Studies using immunohistochemical markers and lineage tracing experiments have further
subdivided this anterior heart field. This specific area of the splanchnic mesoderm that formed

11



Chapter 1

the distal outflow tract was called secondary heart field®. Similar to the primary heart field
these cells were shown to express several cardiac genes and transcription factors indicating
the potency of the secondary heart field for initiation of cardiac tissue. This induction of the
outflow tract myocardium occurred in direction similar to the translocation path of the outflow
tract. The HNK1 and MF20 expression have indicated the migration and cardiomyocyte
differentiation of the secondary heart field cells, respectively?.

Posterior Heart Field

In studies of the splanchnic mesoderm at the venous pole of the heart it is evident from
several recent studies that myocardium is also added at this site'. Not only Islet-1 has been
used as a lineage tracer' but also specific differentiation characteristics of related Tbx18 has
been put forward™'5. Also here is a confusing terminology in the literature for this region. We
have named this area, correlating it to the anterior heart field at the arterial pole, the posterior
heart field (Chapter 2).

We have shown that the mesoderm of the posterior heart field not only contributes to the
myocardium but also plays a role in the development of the proepicardial organ (PEO). Cells
derived from the PEO grow out over the heart tube and form the epicardium?-25, After EMT
epicardium-derived cells (EPDCs) develop and contribute to the myocardial differentiation
and formation of atrioventricular cushions, fibroblasts and coronary arteries?-3. EPDCs are
also involved in the development of the Purkinje fibers3:33-35,

Cardiac Neural Crest Cells and Relation to Second Heart Field
The cardiac specific population of the neural crest, which originates from the neural tube segment
extending from the midotic placode to somite 3 axial levels® (caudal rhombencephalon),
is referred to as the cardiac neural crest cell population (CNCs). CNCs contribute to the
formation of the embryonic heart by addition of cells to the arterial pole as well as to the
venous pole*, regions including also the second heart field. At the arterial pole CNCs play a
role in remodeling of the pharyngeal arch arteries®”, development of the arterial smooth muscle
cells®, the neurons and ganglia of cardiac innervation® and mesenchymal cells migrating into
the arterial pole where they participate in the septation of the aorticopulmonary septum*® and
myocardialization of the outflow tract septum*'42, At the venous pole, a distinct population of
CNCs migrating from the rhombencephalon enters the heart at the dorsal mesocardial region
contributing to the development of the venous pole including the base of the atrial septum and
cardiac conduction system (CCS)33,

12



General Introduction

Cardiac Conduction System and Relation to Second Heart Field
In the last decade several studies have focused on the development of the CCS, however
the exact mechanism is still unclear. The cells of the CCS have been described to be either
differentiated from the surrounding cardiomyocytes or formed from precursor cells which have
the potency to form myocardial and conduction cells**#. The contribution of the splanchnic
mesoderm to the development of the CCS has also been reported where the primary heart
field is related to the formation of the conduction cells as well as the myocardium of the primary
heart tube*54¢. The contribution of the extra cardiac cells to the CCS makes the development
of the conduction cells even more complicated. As described above, EPDCs***% and
CNCs?®3%% gre involved in the development of the CCS. PEO ablated studies have shown
abnormal development of the EPDCs and hypoplastic Purkinje fibers®® while neural crest
ablation resulted in undifferentiated His bundle*’. In the present thesis we show that markers
that are specific for the posterior heart field are also expressed in the sinoatrial node and
atrioventricular conduction system (Chapter 2).

Aim of this Thesis

In this thesis we have concentrated on the topic of addition of secondary cardiac tissue from
the second heart field to the venous pole of the developing embryonic mouse heart. For this
purpose we have described the expression pattern of podoplanin, a novel gene for heart
development. We also studied mouse embryos in which this gene was mutated. According to
the developmental timeline we have shown that the addition of cardiac tissue from the second
heart field to the venous pole can be divided into two populations: (1) an early mesenchymal
addition including the PEO and its derivatives followed by (2) a myocardial addition forming
the sinus venosus myocardium including parts of the cardiac conduction system. As already
indicated, we have introduced the term posterior heart field for the specific area of the second
heart field contributing to the development of the venous pole of the heart.

13
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cardiac neural crest

anterior heart field
Isl-1-
first heart field
Isl-1+
second heart field
posterior heart field
PV & CV
PEO

Figure 2. Schematic representation of the heart fields. The primary heart tube, containing the left ventricle (LV),
atrioventricular canal (AVC) and parts of atria, is derived from the Isl-1 negative precursors in contrast to the second
heart field. The second heart field can be divided into an anterior heart field and a secondary heart field at the arterial pole
of the heart, and a posterior heart field at the venous pole of the heart. Neural crest cells migrate to the heart and enter
the heart both at the arterial and venous pole. CV: cardinal veins, CCS: cardiac conduction system, DOT: distal outflow
tract, ggL: cardiac ganglia, IFT: inflow tract, OFT: outflow tract, PAA: pharyngeal arch arteries, PEO: proepicardial organ,
POT: proximal outflow tract, PV: pulmonary veins, RV: right ventricle, SAN: sinoatrial node, SV: sinus venosus. Adapted
from Poelmann and Gittenberger-de Groot*.
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General Introduction

Chapter Outline

Chapter 2 concentrates on the spatio-temporal pattern of podoplanin expression with regard
to the contribution of cardiac tissue from the posterior heart field to the development of the
venous pole including the sinus venosus myocardium and the cardiac conduction system.

In Chapter 3 we show the role of podoplanin in normal and abnormal development of the
PEO and its derivatives including epicardium and epicardium-derived cells. We describe the
development of the PEO and its contribution to cardiac development, including the posterior
heart field input to the venous pole, by studying podoplanin wild type and knockout mouse
embryos.

Chapter 4. In the podoplanin wild type and knockout mouse embryos development of the
sinus venosus myocardium including the sinoatrial node, venous valves, atrial septum and
dorsal atrial wall as well as the wall of the pulmonary and cardinal veins is correlated with the
contribution of the posterior heart field to the venous pole of the heart.

In Chapter 5 we provide additional information on the development of the pulmonary veins
and elucidate the role of podoplanin in addition of myocardial cells from the posterior heart
field to the wall of the common pulmonary vein and atrial septum. Also the formation and
differentiation of the smooth muscle cells of the wall of the common pulmonary vein and left
atrium from this posterior heart field is described.

Chapter 6 presents the role of the posterior heart field in the development of the cardiac
conduction system as well as the possible significance of embryonic development of the
cardiac conduction system for the occurrence of arrhythmias in life later.

Chapter 7 presents data of a supporting model for our studies featuring a different gene. We
describe the role of the zinc finger transcription factor Specificity protein 3 (Sp3), another novel
gene in cardiac development, at the venous pole and second heart field providing additional
insight in the role of epicardium and epicardium-derived cells in myocardial differentiation and
proper cardiac development.

We conclude in Chapter 8 with an extended summary and a general discussion on the role of

podoplanin and SP3in addition of cardiac tissue from the posterior heart field to the developing
venous pole of the embryonic mouse heart as outlined in chapters 2 to 7 of this thesis.
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Chapter 2

Nkx2.5 Negative Myocardium of the Posterior Heart
Field and its Correlation with Podoplanin Expression
in Cells from the Developing Cardiac Pacemaking and

Conduction System

Abstract

Recent advances in the study of cardiac development have shown the relevance of addition
of myocardium to the primary myocardial heart tube. In wildtype mouse embryos (E9.5-15.5)
we have studied the myocardium at the venous pole of the heart using immunohistochemistry
and 3-D reconstructions of expression patterns of MLC-2a, Nkx2.5 and podoplanin, a novel
coelomic and myocardial marker. Podoplanin positive coelomic epithelium was continuous
with adjacent podoplanin and MLC-2a positive myocardium that formed a conspicuous band
along the left cardinal vein extending through the base of the atrial septum to the posterior
myocardium of the atrioventricular canal, the atrioventricular nodal region and the His-Purkinje
system. Later on podoplanin expression was also found in the myocardium surrounding the
pulmonary vein. On the right side podoplanin positive cells were seen along the right cardinal
vein, which during development persisted in the sinoatrial node and part of the venous valves.
In the MLC-2a and podoplanin positive myocardium Nkx2.5 expression was absent in the
sinoatrial node and the wall of the cardinal veins. There was a mosaic positivity in the wall of
the common pulmonary vein and the atrioventricular conduction system as opposed to the
overall Nkx2.5 expression seen in the chamber myocardium. We conclude that we have found
podoplanin as a marker that links a novel Nkx2.5 negative sinus venosus myocardial area,
which we refer to as the posterior heart field, with the cardiac conduction system.
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Podoplanin and Nkx2.5 in Posterior Heart Field

Introduction

In early cardiac development the myocardium of the heart tube develops from two bilateral
cardiogenic plates (primary heart field) that fuse to a common primary heart tube'2. The earlier
observations by cell marker research in chicken embryos of De La Cruz® that myocardium
is added to this primary heart field, is now supported by several studies that in most cases
refer to addition of myocardium at the outflow tract of the heart, being from the anterior* or
secondary® heart field. Newly recruited myocardium is not only added at the outflow tract but
also at the inflow tract. This myocardium is derived from the splanchnic mesoderm running
from the arterial pole (outflow tract) to the venous pole (inflow tract) which is also referred to
as second heart field®, or second lineage®’. Recently a number of genes/proteins, considered
as early markers of the second lineage, have been reported, such as fibroblast growth factor
8and 108, Isl1®, inhibitor of differentiation 1d2°, GATA factors targeting Mef2c'®'" and Tbx1 and
Tbx18'2'3, Terminology in this rapidly evolving area of recruitment of new myocardium is still
somewhat confusing as most cell differentiation markers and sometimes their lineage tracing
have different spatio-temporal boundaries.

From E9.5 onwards we have become particularly interested in recruitment of myocardium at
the venous pole, which we refer to by the new positional term: posterior heart field (PHF), as
an addition to the anterior heart field at the outflow tract. We have discovered that a novel
gene in heart development, called podoplanin (Pdpn), not only demarcates a specific area
of myocardium at the sinus venosus of the heart, but is also expressed in major parts of the
cardiac conduction system (CCS). In the differentiation of the CCS a number of markers have
already been reported that are expressed in the sinoatrial and atrioventricular conduction
system such as HNK1 and Leu7''%, PSA-NCAM', Msx2'® and the reporter genes CCS-
LacZ'®?', MinK??, Tbx3* and cardiomyocyte — antigens®. Very recently a Mesp-1 non-
expressing myocardial population was reported in the ventricular conduction system?. All
these studies, however, concentrate on the differentiation of the CCS myocardium as opposed
to the chamber myocardium and do not, as is suggested by our present findings, provide a
link with the recruitment of second lineage myocardium. Podoplanin is a 43-kd mucin type
transmembrane glycoprotein, which has not been described during heart development. It was
first called E11 antigen by Wetterwald et al. (1996)?® as a new marker for an osteoblastic cell
line. The protein is also found in other cell types including the nervous system, the epithelia
of the lung, eye, oesophagus and intestine?’, the mesothelium of the visceral peritoneum?®
and podocytes in the kidney?. Furthermore, it has recently been investigated as a marker for
lymphatic endothelium?®. Our study of podoplanin expression in the developing myocardium
of the PHF is combined with a novel finding regarding Nkx2.5, which is an early marker of
cardiac progenitor cells®® and demarcates the cardiac field®' in concert with GATA-4/5/6%.
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Nkx2.5 is also shown to be essential for normal differentiation and function of the CCS in
both human® and mouse studies®t. In this study we will describe development of novel
sinus venosus myocardium, in close correlation with the mesothelial lining of the pericardio-
peritoneal coelomic cavity that is demarcated by positive podoplanin expression and Nkx2.5
non-expression. The podoplanin expression in the CCS provides a possible link between this
novel myocardium from the PHF with the development of the sinoatrial node and other parts
of the CCS.
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Material and Methods

We studied the lining of the thoracic cavity and heart in wild type mouse embryos of E9.5
(n=8), E10.5 (n=8), E11.5 (n=7), E12.5 (n=8), E13.5 (n=8), E14.5 (n=9) and E15.5 (n=2).
The embryos were fixed in 4% paraformaldehyde (PFA) and routinely processed for paraffin
immunohistochemical investigation. The 5 ym transverse sections were mounted onto egg-
white/glycerin coated glass slides in a 1 to 5 order, so that 5 different stainings from subsequent
sections could be compared.

Immunohistochemistry

After rehydration of the slides, inhibition of endogenous peroxidase was performed with
a solution of 0.3% H,O, in PBS for 20 min. The slides were incubated overnight with the
following primary antibodies: 1/2000 anti-atrial myosin light chain 2 (MLC-2a, which was kindly
provided by S.W. Kubalak, Charleston, SC, USA), 1/4000 anti-human Nkx2.5 (Santa Cruz
Biotechnology, Inc.,CA, USA) and 1/1000 anti-podoplanin (clone 8.1.1. Hybridomabank, lowa,
USA). All primary antibodies were dissolved in PBS-Tween-20 with 1% Bovine Serum Albumin
(BSA, Sigma Aldrich, USA). Between subsequent incubation steps all slides were rinsed
as follows: PBS (2x) and PBS-Tween-20 (1x). The slides were incubated with secondary
antibodies for 40 min: for MLC-2a 1/200 goat-anti-rabbit-biotin (Vector Laboratories, USA, BA-
1000) and 1/66 goat serum (Vector Laboratories, USA, S1000) in PBS-Tween-20; for Nkx2.5
1/200 horse-anti-goat-biotin (Vector Laboratories, USA, BA-9500) and 1/66 horse serum
(Brunschwig Chemie, Switserland, S-2000) in PBS-Tween-20; for podoplanin 1/200 goat-anti-
Syrian hamster-biotin (Jackson Imunno research, USA, 107-065-142) with 1/66 goat serum
(Vector Laboratories, USA, S1000) in PBS-Tween-20. Subsequently, all slides were incubated
with ABC-reagent (Vector Laboratories,USA, PK 6100) for 40 min. For visualisation, the slides
were incubated with 400 pg/ml 3-3’di-aminobenzidin tetrahydrochloride (DAB, Sigma-Aldrich
Chemie, USA, D5637) dissolved in Tris-maleate buffer pH7.6 to which 20 pl H,0, was added:
MLC-2a 5 min; Nkx2.5 and podoplanin 10 min. Counterstaining was performed with 0.1%
haematoxylin (Merck, Darmstadt, Germany) for 10 sec, followed by 10 min rinsing with tap
water. Finally, all slides were dehydrated and mounted with Entellan (Merck, Darmstadt,
Germany).

3-D reconstructions

We made 3-D reconstructions of the atrial and ventricular myocardium of MLC-2a stained
sections of E11.5 and E13.5 embryos in which podoplanin positive and Nkx2.5 negative
myocardium from adjacent sections were manually superimposed to show overlapping areas.
The reconstructions were made as described earlier® using the AMIRA software package
(Template Graphics Software, San Diego, USA).
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Results

Below we will describe the expression patterns of MLC-2a, podoplanin and Nkx2.5 in the PHF
in several subsequent stages of heart development (E9.5-15.5), while in figures 1-3 typical
examples and 3-D reconstructions of the expression patterns of these proteins are provided.
Stage E9.5

At this stage the heart is still in the looping phase and the boundaries of the primary heart
tube can easily be demarcated by immunohistochemistry. The MLC-2a and Nkx2.5 staining of
the myocardium stops at the transition with the negatively stained coelomic epithelium at the
dorsal mesocardium. This squamous coelomic epithelium is part of the lining of the pericardio-
peritoneal cavities, which are laterally flanked by the cardinal veins. Podoplanin is slightly
positive at the left side and negative at the right side on the medial border of the cardinal veins’
wall. There is no podoplanin staining discernable at other sides at this stage yet.

Stages E10.5 and E11.5

Serial MLC-2a stained sections have been reconstructed to form a 3-D image. Figures 1a and
1b show the dorsal face of the heart in which the various staining patterns are depicted. The
line in figure 1a shows the level of the sections depicted in c-k. Septation of the ventricular inlet
and atrium has started. On the right side the venous valves are already recognizable (Fig. 1c).
Podoplanin expression is observed in the coelomic lining and in the mesenchyme adjoining
the medial wall of the left superior cardinal vein (Fig. 1b and k) with light staining alongside the
right superior cardinal vein at the position of the developing right sinoatrial node (Fig. 1b, i and
j)- The left sided expression envelops the sinus venosus confluence of the cardinal veins (Fig.
1b) and extends in the myocardium to the posterior region of the atrioventricular canal (Fig. 1i
and k), which is the site of the future atrioventricular node.

Figure 1. Dorsal view of a reconstruction (a,b) of an E11.5 wildtype mouse heart of the myocardium stained with MLC-2a
(atria brown and ventricles grey). In a. the Nkx2.5 negative pattern is added (lime green) and b. shows the podoplanin
positive pattern (turquoise). The left (LCV) and right (RCV) cardinal veins and their sinus venosus (SV) confluence are
transparent blue. c-e: Sections stained with MLC-2a (c: overview and details d: line box and e: dotted box) show marked
expression in the myocardium of the wall of the atria (RA and LA). Also the anlage of the sinoatrial node (SAN) and a left
sided mesenchymal population (asterisk in e) as well as the wall of the LCV show MLC-2a expression. f-h: Staining in
consecutive sections with Nkx2.5 (lime green in reconstruction (a) and overview in f, with higher magnification in g and
h, show a marked expression in the atrial wall (g) and negativity in the mesenchyme (asterisk in h) and the SAN (g).
There is no staining in the wall of the LCV. Podoplanin staining is positive in some parts of the coelomic cavities (arrows
in h and k). This is not shown in the reconstruction b, where only the overlap of MLC-2a and podoplanin (turquoise) is
shown. Podoplanin is more intense at the left side at this stage of development (k) specifically in the pre-myocardial
mesenchyme running from the left pericardio-peritoneal canal, caudal of the anlage of the common pulmonary vein
(PV) (pink in a and b) through the base of the atrial septum to the posterior part of the atrioventricular canal dorsal of
the inferior atrioventricular cushion (AVC) (i and k). Podoplanin expression in the SAN is shown in j. Scale bars for c-k:
100pm.
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The podoplanin positive mesenchyme is differentiating into myocardium as indicated by
the overlapping expression with MLC-2a (compare Fig. 1a and c-e with 1b and i-k). These
overlapping areas are Nkx2.5 negative in contrast to the marked Nkx2.5 staining in the MLC-
2a positive myocardium of the atria and the ventricles (Fig. 1a and f-h).

Stages E12.5 and E13.5

The 3-D reconstruction of MLC-2a stained sections from an E13.5 embryonic heart (dorsal
face shown) are depicted in figures 2a and 2b. The cardiac chambers are now clearly
discernable. As expected the MLC-2a is more markedly expressed in the atrial and sinus
venosus myocardium than in the ventricular myocardium (Fig. 2c and €). The coelomic cavity
is separated in pleural and pericardial cavities.

At the venous pole we now discern marked podoplanin expression in the myocardium of the
developing right sided sinoatrial node and the patchy staining in the venous valves, while
the adjoining atrial myocardium is podoplanin negative (Fig. 2k and I). The sinoatrial nodal
myocardium is still in close contact with the adjacent markedly podoplanin positive coelomic
lining (Fig. 2k and I). Bordering the left cardinal vein a similar podoplanin positive cell cluster is
seen, as well as podoplanin positive myocardial strands running along the posterior left atrial
wall that merge with the myocardial cells of the common pulmonary vein (Fig. 2m and n). The
continuity of these strands is obvious with patches of cuboidal podoplanin positive cells, as
opposed to squamous podoplanin positive epithelial cells, lining both the pleural (Fig. 2k-n)
and pericardial cavity (Fig. 2k-n). Both left and right sided podoplanin positive cell clusters as
well as the myocardium of the wall of both cardinal veins are positive for MLC-2a although the
staining is somewhat less intense compared to the main body of the atrial wall (Fig. 2¢-f).

Figure 2. Dorsal view of a reconstruction (a,b) of an E13.5 wildtype mouse heart of the myocardium stained with MLC-2a
(atria brown and ventricles grey). The Nkx2.5 negative region is superimposed in a, whereas the podoplanin positive
region is presented in b. The left (LCV) and right (RCV) cardinal veins which have an independent entrance into the right
atrium are transparent blue. The transsection (1) for the sinoatrial node (SAN) and the left sided podoplanin expression
and pulmonary vein (PV in pink) (2) are indicated. c-f: Sections stained with MLC-2a antibody (c and e: overviews at
transsections 1 and 2 and magnifications d and f: boxed areas) show marked expression in the myocardium of the wall of
the atria (RA and LA) and, somewhat lesser, in the right (RV) and left (LV) ventricle. The LCV in f, RCV in d and the SAN
in d are positive. A cluster of moderately MLC-2a positive cells (arrow in f) is positioned in the mesenchyme between the
LCV and PV. Nkx2.5 staining is markedly positive in all major components of the heart. Absence of staining (lime green
in @) is seen in the wall of the RCV (h), the SAN (g and h), the LCV and the mesenchymal cell cluster (arrow in j). The
PV has a less marked Nkx2.5 (mosaic) staining (j). The same accounts for a circular structure situated at the site of the
common bundle at the top of the ventricular septum (VS) (dotted circle in e, i and m). Podoplanin staining is observed
on both right and left sided MLC-2a areas (turquoise in b). This encomprises the SAN (k and I) and the left sided cluster
between LCV, partly merging with the PV wall (arrow in n) and extending into the base of the atrial septum (AS). It is
also positive in the common bundle (dotted circle in m) extending over the top of the VS (k). Podoplanin is also positive
in the lining of the coelomic cavity. In areas with underlying podoplanin positive myocardial cells the coelomic cells are
cuboid (open arrow in k-n). In the remaining coelomic lining, like the epicardium (arrowhead in n and o) the epithelium is
squamous. The coelomic lining is always MLC-2a and Nkx2.5 negative. Scale bars for c-n: 100pm.
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The expression of Nkx2.5 (Fig. 2a and g-j) does not overlap completely with the MLC-2a or the
podoplanin staining. Nkx2.5 is negative in the right sinoatrial node, the posterior cell cluster
between the left cardinal vein and the pulmonary vein and in the wall of the right and left
cardinal veins (Fig. 2g-j). A podoplanin and MLC-2a positive myocardial cell strand extends
from the left side of the sinus venosus and stretches by way of the dorsal mesocardium
and the spina vestibulum deep into the crux of the heart (Fig. 2e, i and m). The staining
encircles the orifice of the left cardinal vein, which opens into the right atrial cavity (not shown).
This myocardial strand extends through the basis of the atrial septum to the position of the
atrioventricular node and can be followed to the common bundle (Fig. 2e, i and m), bundle
branches (Fig. 3a-d), the moderator band and the Purkinje system (not shown). Up to the level
of the bundle branches this strand shows a mosaic Nkx2.5 staining which is therefore less
marked than the surrounding myocardium (Fig.2i). A mosaic Nkx2.5 staining is also observed
in the venous valves (not shown).

At stage E13.5 the common pulmonary vein for the first time is clearly discernable with a
myocardial sheath in which podoplanin positive cells are extending (Fig. 2m and n). MLC-2a
and Nkx2.5 are positive in the pulmonary wall although both are less marked as compared
to the adjacent atrial wall (Fig. 2f and j). Between the left cardinal vein and the myocardial
pulmonary venous wall a small cluster of podoplanin and MLC-2a positive and Nkx2.5 negative
myocardial cells is still present (Fig. 2f, j and n).

Stages E14.5 and 15.5

The left sided podoplanin expression in the myocardium is disappearing. The staining is only
retained in the right sinoatrial node and it has become more marked in the common and right
and left bundle branches (Fig. 3e and f).
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Figure 3. Reconstruction of the podoplanin expression (turquois) depicting the various parts of the myocardium of the
conduction system in the same E13.5 embryo depicted in figure 2. a. Left frontal view shows the position of the sinoatrial
node (SAN) next to the right cardinal vein (RCV), the presence of podoplanin in the right (RVV) and left (LVV) venous
valves (b) merges in the region of the atrioventricular node (AVN) visible in the left lateral view. The expression is also
found in a left atrioventricular ring of myocardium (LAVR). The AVN myocardium continues as a common bundle (CB)
in the right (RBB) and left (LBB) bundle branches. c-f: Sections of the thorax and heart of wildtype mouse embryos of
E13.5 (c with box magnified in d) and E15.5 (e with box magnified in f) stained for podoplanin which is clearly visible in
the common bundle (CB) in (c,d, e and dotted circle in f), as well as in the RBB and LBB (e and f) on top of the ventricular
septum (VS). PV, Pulmonary vein; SS, Septum spurium. Scale bars for c-f: 100pm.
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DISCUSSION

The contribution of myocardium to the primary heart tube has been acknowledged for many
years by tracing cells with marker constructs®*® as well as molecularly based tracing techniques
using reporter mice”'*-'23¢_From these studies the addition of myocardium to, in particular the
outflow tract, is obvious. Moreover, Kelly” described the recruitment of cardiomyocytes from
the splanchnic mesoderm to the outflow and inflow tract of the heart as a second myocardial
lineage adding to the first lineage. The regulation of continued cardiogenesis at the inflow tract
of the heart, which already starts at E8.5, is far from unravelled and has to fit in the multiple
transcriptional domains of, e.g. atrial chambers®. This process will be complicated if it is
comparable with the situation at the outflow tract in which many genes are involved such as
Isl18, GATAfactors targeting Mef2c'®'", Tbx1'?, Tbx38, Id2°, and many others including members
of the fibroblast growth factor and TGF beta family*. Our study adds podoplanin (Pdpn) to this
list for the PHF, which is most probably a subpopulation of the second lineage®’.
Podoplanin and MLC-2a in the posterior heart field

Podoplanin is expressed in several tissues in the developing embryo but for this study the
reported expression in the coelomic lining?, the underlying mesenchyme and the myocardium
of the CCS is important. Expression in other tissues did not pose problems in interpretation as
patterns are well separated in time and space. The coelomic epithelium was clearly activated
at specific sites, being irregular and cuboidal which might indicate an ongoing process of
epithelial-mesenchymal transformation (EMT). Similar EMT events have been described
for the endocardium of the atrioventricular cushions**4' as well as epicardium derived cells
(EPDCs)*24® expressing WT 1446 and cytokeratin*’. As a podoplanin reporter mouse has not
been developed we cannot unequivocally prove EMT. It is remarkable that the podoplanin
expression is retained in the mesenchyme underlying the coelomic epithelium and that
we have shown that we are dealing with a myocardial progenitor cell by the overlapping
expression with MLC-2a. Although MLC-2a is described to be specific for atrial myocardium?*,
it also stains the myocardium of the sinus venosus and, somewhat weaker, the ventricular
cardiomyocytes. The contribution of novel myocardium to the PHF at the sinus venosus seems
to stop after E15.5 as the podoplanin expression diminishes and the coelomic epithelium
becomes quiescent resuming a squamous phenotype.

A functional role for podoplanin is still to be found. Data are emerging describing an EMT
process of podoplanin dependent downregulation of E-cadherin in invasive and migratory
cells of oral mucosal cancer cells*. Also an EMT independent process in adult tissues has
been described, where podoplanin induces the reorganisation of ezrin-radixin-moesin (ERM)
proteins and the actin cytoskeleton via downregulation of RhoA signal, resulting in collective
tumor cell migration and conelike invasion®. For our study it would support a possible role for
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podoplanin in migration and invasion of the PHF myocardium into parts of the CCS.

Nkx2.5 expression and the posterior heart field

As a marker for pre-cardiac mesoderm and myocardial cells we also used an antibody
against human Nkx2.5%'%2. We found that the U-shaped PHF myocardium was negative for
Nkx2.5. During development this resulted in a Nkx2.5 negative right sided sinoatrial node. In
the podoplanin positive venous valves, the base of the atrial septum and the atrioventricular
conduction system, there seemed to be a mosaic Nkx2.5 expression as opposed to the overall
expression in the atrial and ventricular wall comparable to the heterogeneous pattern of Nkx2.5
expression pattern described previously®®. The myocardial contribution to the sinus venosus
from precursors that are Nkx2.5 negative was also recently described's.

The function of Nkx2.5 in cardiogenesis seems very important but is still far from clear.
Different noggin-sensitive Nkx2.5 enhancers are found in various segments of the heart during
development, indicative for chamber-specific functions®, whereas cofactors such as GATA-4
are equally important. Furthermore, the differentiation of cardiac Purkinje fibers requires
precise spatiotemporal regulation of Nkx2.5 expression®?, probably in a dose-dependent way®.
The mechanism of Nkx2.5 regulation is probably dependent on repressor systems for which
strong candidates include Tbox family members, such as Tbx2 and Tbx5%. Most studies have
concentrated on Nkx2.5 in intracardiac patterning and differentiation. The implications of a
population of Nkx2.5 negative myocardial cells in the PHF have to be evaluated further, while
at least Tbx18 plays a role™.

The posterior heart field and development of the cardiac conduction system

Several marker studies have linked sinus venosus myocardium to the development of the
cardiac conduction system. These include HNK1 and Leu7'*'s, PSA-NCAM' and more
recently the transgenic reporter mice for CCS-LacZ'®?" and MinK??. Our own studies on
HNK1 and Leu7'*'® provide in general the same pattern for the CCS as now found in our
study for podoplanin. The CCS-LacZ mouse shows that the complete cardiac conduction
system myocardium is positive. CCS-LacZ does not differentiate between Nkx2.5 expressing
and non- expressing myocardial cells as the right sinoatrial node is CCS-LacZ positive.
Also other reported markers as Tbx3?® do not reflect the described podoplanin positive PHF
myocardium. In this respect the recent elegant reporter gene study of Mesp-1 expressing and
non-expressing myocardial cells in the heart is of great interest?. These authors show that
there is a myocardial heterogeneity in the atrioventricular conduction system. They also show
that this does not refer to a neural crest derived population. The latter origin was shown by
our group to align with the CCS%, although we never found the neural crest cells to attain a
myocardial phenotype. The Mesp-1 study does speculate on the origin of the non-expressing
Mesp-1 cells but has not traced them to the PHF. There are no data on their contribution to the
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sinoatrial and atrioventricular node.

In literature there are two main concepts for development of the CCS. The first one provides
evidence for an autonomous origin of the central conduction system from cardiomyocytes
residing in the primary heart tube®”. This myocardium retains a primitive phenotype after
ballooning of the atrial and ventricular cavities has started. Tbx2 and 3, and ANF are important
genes guiding this process®. In this concept the atrioventricular node derives from the primitive
myocardium of the atrioventricular canal. The origin of the cells of the conduction system and
specifically the atrioventricular node is still under debate. It seems evident that part of the
posterior atrioventricular node originates from the myocardium?®® of the primary heart tube. Our
current findings, supported by the Mesp-1 study do not exclude a contribution of myocardium
from the PHF to the CCS which is further strengthened by the extensive clonal cell tracing
study of the Buckingham group®.

The second concept on conduction system differentiation works along local differentiation
pathways of the myocardium of the heart tube®' by induction and signaling. This concept is
more in line with our data on secondary differentiation of the conduction system in which both
EPDCs® and neural crest cells®® might play the inductive role. It does not exclude secondary
sources of myocardium, which in part correlate with migration pathways of EPDCs and neural
crest cells.

The posterior heart field and functional clinical implications

Our data show an early and transient left sided counterpart of the sinoatrial node. In the
early embryonic heart using voltage-sensitive dye, the pacemaking activity has initially been
located to originate at the left side® which would fit with our observations. It also supports
the reports on the anlage of a left sinoatrial node, which is found as an anomaly in left atrial
isomerism®. A possible role for podoplanin in the electrophysiology of CCS still has to be
investigated. It has been reported, however, to be essential for water transport?”, Ca dependent
cell adhesiveness*® and cationic, anionic and amino acid transport®. These aspects might be
linked to cellular communications important for cardiac conduction.

Mutations of the Nkx2.5 gene in human patients lead to conduction system disturbances
and atrial septal defects®*¢”. Comparable to these mutations in human patients is the Nkx2.5
haploinsufficiency in mice embryos. The effects of Nkx2.5 haploinsufficiency, described above,
are weaker in mice but convergent with those in human®®. Our study provides a new insight in
that Nkx2.5 negative PHF myocardium is continuously added to the already Nkx2.5 positive
myocardium of the primary heart tube. We show that PHF myocardium forms the sinoatrial
node, which is Nkx2.5 negative. PHF myocardium might also add cells through the base of the
atrial septum to the region of the atrioventricular conduction system and to the venous valves,
which play a role in development of the conduction system?' as well as in the formation of the
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atrial septum®. In this way atrial septal defects® found in Nkx2.5 human mutation patients may
relate to a deficient contribution from the PHF myocardium to the venous valves. Most studies
are dealing with Nkx2.5 mutations with ensuing underexpression. In an overexpression study,
which would influence the Nkx2.5 negative sinoatrial node, defects in pacemaker activity with
bradycardia have been described?*. In conclusion the temporo-spatial information in this study
on the late contribution of Nkx2.5 negative as well as positive myocardium might explain the
cardiac abnormalities found in the human population®’.
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Chapter 3

Cardiac Malformations and Myocardial Abnormalities
in Podoplanin Knockout Mouse Embryos: Correlation
with Abnormal Epicardial Development

Abstract

Epicardium and epicardium-derived cells have been shown to be necessary for myocardial
differentiation. To elucidate the function of podoplaninin epicardial development and myocardial
differentiation we analyzed podoplanin knockout mouse embryos between E9.5-E15.5
using immunohistochemical differentiation markers, morphometry and 3-D reconstructions.
Podoplanin null mice have an increased embryonic lethality, possibly of cardiac origin. Our
study reveals impairment in the development of the proepicardial organ, epicardial adhesion,
spreading and migration of the epicardium-derived cells. Mutant embryos show a hypoplastic
and perforated compact and septal myocardium, hypoplastic atrioventricular cushions resulting
in atrioventricular valve abnormalities as well as coronary artery abnormalities. The epicardial
pathology is correlated with reduced epithelial-mesenchymal transformation caused by
upregulation of E-cadherin, normally downregulated by podoplanin. Our results demonstrate a
role for podoplanin in normal cardiac development based on epicardial-myocardial interaction.
Abnormal epicardial differentiation and reduced epithelial-mesenchymal transformation result
in deficient epicardium-derived cells leading to myocardial pathology and cardiac anomalies.
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Introduction

Recently we studied podoplanin expression as a novel marker of a subset of myocardial cells
of the embryonic mouse heart. We showed that podoplanin is specifically expressed in the
sinus venosus myocardium and the developing cardiac conduction system'. Podoplanin is a
mucin-like transmembrane glycoprotein of 43 kDa which was first described as E11 antigen in
osteoblasts?. It is expressed in epithelial and mesothelial cells such as intestinal epithelium,
alveolar type | cells®, podocytes and mesothelium of the visceral peritoneum®. It was also
shown to be a potent marker for lymphatic endothelium?®. In addition, podoplanin expression
was found in the epithelial lining of the coelomic wall of the pericardio-peritoneal canal and
later on in the cells lining the pleural and pericardial cavity'. In a previous study we showed that
there is a close relationship between the podoplanin positive cells lining the coelomic cavity
epithelium and the podoplanin positive and Nkx2.5 negative area which is added to the venous
pole of the heart from the posterior heart field (PHF)'. This PHF is part of a more extensive
area of the splanchnic mesoderm called the second heart field® or second lineage®’.

It has been shown that the splanchnic mesoderm or mesenchyme of the dorsal mesocardium
at the venous pole not only supports recruitment of sinus venosus myocardium but also the
formation of the epicardium from the proepicardial organ (PEO) in chicken®® and mouse'*"
embryos. Cells derived from the PEO grow out over the myocardial heart tube® %23 and, have
been shown to be essential for myocardial differentiation'?' after epithelial-mesenchymal
transformation (EMT).

It is important to realize that it has been postulated that the PHF and resulting myocardium
are derived from the epithelial lining of the coelomic cavity (splanchnic mesothelium) by EMT'.
This process allows epithelial cells to become mobile mesenchymal cells, which can move
through the extracellular matrix®2. An important feature of EMT is that the epithelial adherens
junctions need to be loosened. In these junctions the presence of E-cadherin is seen as a
calcium dependent cell to cell adhesion protein. Loss of E-cadherin results in loss of epithelial
features? and consecutive development into migratory mesenchymal cells, while upregulated
state of E-cadherin indicates an abnormal EMT?!. It has been shown that there is a functional link
between the cell adhesion molecule E-cadherin and podoplanin. E-cadherin is downregulated
by podoplanin in human oral and mouse skin carcinomas resulting in upregulation of EMT
leading to invasive grow and metastasis of the carcinoma cells?*. Podoplanin can therefore be
presented as an inhibitor of E-cadherin thus stimulating the EMT process. This function might
also be effective in the coelomic mesoderm derived epicardium growing over the heart.
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In this paper, we studied podoplanin knockout mouse embryos at several developmental stages
to elucidate the function of podoplanin in cardiac development. Podoplanin is expressed in the
epicardium and it may play a stimulating role in the EMT process. Therefore we hypothesized
that knockout of podoplanin could lead to abnormal development of epicardium and disturbance
of EMT from the epicardium resulting in a diminished formation, migration and contribution of
epicardium-derived cells (EPDCs) to the developing heart. This might result in several EPDC
related cardiac malformations and myocardial abnormalities.
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Material and Methods

Generation of podoplanin knockout (podoplanin-/-) mice

Overall, the size and exon-intron organization of the mouse podoplanin gene closely
resembles that determined for the rat counterpart® and is given together with the strategy for
gene disruption in Figure 1a.

The murine gene consists of 6 exons, separated by five relatively small introns (introns |l
to V) and a very long first intron |. Exon | encodes the predicted signal sequence, while the
predicted extracellular domain is fully contained in exons Il to IV. Exon V encodes the putative
transmembrane domain and the almost complete cytoplasmic tail. The C-terminal last amino
acid residue of mouse podoplanin including the stop codon is encoded at the beginning of
exon VI.

The podoplanin gene from 129S/v mouse genomic DNA was isolated and the pPNT.podoplanin
targeting vector was constructed to inactivate the podoplanin gene in embryonic stem
(ES) cells. It contains a 3.1-kb EcoRI - Ncol fragment containing the 3" region of intron |, a
neomycin phosphotransferase (neo) cassette, a 6.1-kb EcoRI fragment encompassing part of
intron 5, the exon VI and the 3'UTR, and a herpes simplex virus thymidine kinase expression
cassette (Fig 1a). Two out of 300 G418/Ganciclovir-double-resistant clones underwent the
desired homologous recombination, as confirmed by comprehensive Southern blotting of the
isolated genomic DNA from R1 embryonic stem (ES) cells derived from the 129S/v mouse
strain (received from A. Nagy, Samuel Lunenfeld Institute, Toronto, Canada). Chimeric mice
(FO), obtained by 8 cells stage embryo aggregation of the targeted ES cell clones, were test-
bred for germline transmission with Swiss mice. They transmitted the disrupted podoplanin
allele to their offspring (50% 129S/v: 50% Swiss genetic background), yielding podoplanin+/-
mice. Intercrossing of these mice resulted in podoplanin-/- mice, as identified by Southern blot
analysis of tail tip DNA using the 5’external probe (Fig. 1b). Correct inactivation of podoplanin
gene was further confirmed with additional digests using 5 -internal, neo-specific, 3 -internal
and 3’-flanking external probes (not shown) and by rt-PCR (Fig. 1¢) and Western blotting (Fig.
1d) using anti-podoplanin antibodies?®.

Genotyping of podoplanin knockout (podoplanin-/-) mice

Primers located in intron 2 of podoplanin gene detecting wildtype allele: 5-GTT TAA AAG
CCA GCACTG GGC TGG G-3" and 5'-AAAACAAGAAGG CAC GGA GAC TGC C-3' yield
a 365 bp product present in podoplanin+/+ and podoplanin+/- mice and neo-gene specific
primers : 5'-CTATTC GGC TAT GAC TGG GCA CAA C-3’and 5-CTC AGA AGA ACT CGT
CAA GAA GGC G-3' yield a 742 bp product present in podoplanin-/- and podoplanin+/- mice.
PCR conditions to be used are: initial 94 degrees for 2 minutes, then 35 cycles consiting of 94
degrees for 35 seconds, 60 degrees for 35 seconds and 72 degrees for 35 seconds.
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General description

We investigated the lining of the coelomic cavity and the morphology of the heartin 27 wildtype
mouse embryos of embryonic stages E9.5 (n=4), E10.5 (n=4), E11.5 (n=3), E12.5 (n=4),
E13.5 (n=5), E14.5 (n=4) and E15.5 (n=3) and have compared these with 28 podoplanin
knock-out mouse embryos of stages E9.5 (n=3), E10.5 (n=4), E11.5 (n=5), E12.5 (n=5), E13.5
(n=3), E14.5 (n=4) and E15.5 (n=4). All embryos were fixed in 4% paraformaldehyde (PFA)
and routinely processed for paraffin immunohistochemical investigation. In addition 5 ym
transverse sections were mounted onto albumin/glycerin coated glass slides in a 1 to 5 order,
so that 5 different stainings from subsequent sections could be compared.
Immunohistochemistry

After deparaffination and rehydration of the slides, microwave antigen retrieval was applied
except for the anti-atrial myosin light chain 2 (MLC-2a) and podoplanin stainings, by heating
them 12 min at 98°C in a citric acid buffer (0.01 M in aqua-dest, pH 6.0). Inhibition of endogenous
peroxidase was performed with a solution of 0.3% H202 in phosphate buffered saline (PBS)
for 20 min. The slides were incubated overnight with the following primary antibodies:
1/6000 anti-MLC-2a as a myocardial marker (which was kindly provided by S.W. Kubalak,
Charleston, SC, USA), 1/4000 anti-human Nkx2.5 as our pre-myocardial marker (Santa Cruz
Biotechnology, Inc.,CA, USA, SC-8697), 1/3000 anti-a smooth muscle actin (1A4, Sigma-
Aldrich Chemie, USA, A 2547),1/500 anti-podoplanin (clone 8.1.1. Hybridomabank, lowa,
USA), 1/1000 anti-Wilm’s tumor suppressor protein as a marker for epicardium and early
migrating EPDCs (WT-1, Santa Cruz Biotechnology, Inc.,CA, USA, sc-192) and 1/150 anti-E-
cadherin as a cell adhesion marker (Santa Cruz Biotechnology, Inc.,CA, USA, SC-7870). All
primary antibodies were dissolved in PBS-Tween-20 with 1% Bovine Serum Albumin (BSA,
Sigma Aldrich, USA). Between subsequent incubation steps all slides were rinsed in PBS
(2x) and PBS-Tween-20 (1x). The slides were incubated with the secondary antibodies for 40
min: for MLC-2a, WT-1 and E-cadherin with 1/200 goat-anti-rabbit-biotin (Vector Laboratories,
USA, BA-1000) and 1/66 goat serum (Vector Laboratories, USA, S1000) in PBS-Tween-20;
for Nkx2.5 with 1/200 horse-anti-goat-biotin (Vector Laboratories, USA, BA-9500) and 1/66
horse serum (Brunschwig Chemie, Switserland, S-2000) in PBS-Tween-20; for podoplanin
with 1/200 goat-anti-Syrian hamster-biotin (Jackson Imunno research, USA, 107-065-142) and
1/66 goat serum (Vector Laboratories, USA, S1000) in PBS-Tween-20; for 1A4 1/250 rabbit
anti mouse-PO (DAKO, P 0260) in PBS-Tween-20 with 1% Bovine Serum Albumin (BSA,
Sigma Aldrich, USA). Subsequently, except for 1A4 stained slides, all slides were incubated
with ABC-reagent (Vector Laboratories,USA, PK 6100) for 40 min. For visualization, the slides
were incubated with 400 pg/ml 3-3’di-aminobenzidin tetrahydrochloride (DAB, Sigma-Aldrich
Chemie, USA, D5637) dissolved in Tris-maleate buffer pH 7.6 to which 20 pl H202 was added:
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MLC-2a, WT-1 and E-cadherin 5 min; Nkx2.5, 1A4 and podoplanin 10 min. Counterstaining
was performed with 0.1% haematoxylin (Merck, Darmstadt, Germany) for 5 sec, followed by
rinsing with tap water for 10 min. Finally, all slides were dehydrated and mounted with Entellan
(Merck, Darmstadt, Germany).
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Figure 1. Strategy of podoplanin gene disruption and gross appearance of podoplanin+/+ (podo+/+) and podoplanin-/-
(podo-/-) mice. a: strategy of podoplanin gene disruption. Black boxes in the genomic structure represent exon sequences.
Upon homologous recombination, the neo gene replaces a 7.7kb genomic fragment encompassing exons Il to V, leading
to complete disruption of the podoplanin gene. b: southern blot analysis of mouse genomic DNA digested with BamHI
and hybridized to a 5’-flanking external probe. c: rtPCR and d: western blot on mouse tissues. In the adult kidney (shown
as example) no podoplanin message is revealed in podo-/- mice; in the Western blot experiments using whole embryos
at E13.5 podoplanin protein is seen at the expected molecular weight in podo+/+ and podo+/- mice but is absent in podo-
/- mice. A clear gene dosing is seen in podo+/- mice as compared to podo+/+ mice.
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3-D reconstructions

We made 3-D reconstructions of the atrial and ventricular myocardium of MLC-2a stained
sections of E12.5 wildtype as well as knockout embryos in which the morphological differences
were shown. For the morphology of the PEO we have made a 3-D reconstruction based on
WT-1 staining of E9.5 wildtype and podoplanin knockout embryos. The reconstructions were
made as described earlier?” using the AMIRA software package (Template Graphics Software,
San Diego, USA).

PEO and myocardial morphometry

PEO volume estimation was performed in 3 wildtype and 3 podoplanin knockout mouse
hearts of E9.5. Myocardial volume estimation was performed in 12 wildtype mouse hearts of
embryonic stages E11.5 (n=3), E12.5 (n=3), E14.5 (n=3) and E15.5 (n=3) and 18 podoplanin
knockout mouse hearts of embryonic stages E11.5 (n=5), E12.5 (n=5), E14.5 (n=4) and E15.5
(n=4). The morphometry for PEO as well as for myocardium was based on Cavalieri’s principle
as described by Gundersen and colleagues?. Briefly, regularly spaced (100mm2) points were
randomly positioned on the MLC-2a stained myocardium and on the WT-1 stained PEO. The
distance between the subsequent sections of the slides was 0.075 mm for myocardium and
0.025 mm for PEO. The volume measurement was done using the HB2 Olympus microscope
with a 100x magnification objective for myocardium and 200x for PEO (Fig. 2a,b). Statistical
analysis was preformed with independent sample t test (P<0.05) using the SPSS 11.0 software
program (SPSS Inc, Chicago, ).
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Figure 2. Proepicardial organ (PEO) (a) and myocardial (b) volume estimation of 15 wildtype (WT) mouse hearts of
embryonic day (E) 9.5 (n=3), E11.5 (n=3), E12.5 (n=3), E14.5 (n=3) and E15.5 (n=3) and 21 podoplanin knockout (KO)
mouse hearts of E9.5 (n=3), E11.5 (n=5), E12.5 (n=5), E14.5 (n=4) and E15.5 (n=4). The podoplanin knockout embryos
have a significantly (*) smaller PEO and myocardial volume (P<0.05) compared to the WT embryos.
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Results

General characteristics of the podoplanin knockout embryos

This podoplanin knockout mouse model is characterized by an increased embryonic and
fetal death of approximately 40% of the homozygote embryos between stages E10-E16, with
highest death rate between E10-E13 (Table 1). In addition, 50% of the neonatal homozygote
mutant mice die within the first weeks of life. Heterozygous mice reached sexual maturity.
The cause of embryonic, fetal and neonatal death (cardiac or non-cardiac) is presently not
known.

CARDIAC MALFORMATIONS
E9.5 | E10.5 | E11.5 | E125 | E14.5 | E15.5
(n=3) | (n=3) [ (n=3) | (n=3) | (n=3) [ (n=3)

Total KO hearts

Hypoplastic PEO 3 - - - - -
Dissociated EP - 0 5 5 2 2
Perforated Myo - 0 5 5 2 2
Dextroposed Ao - - 4 4 0 0
Hypoplastic AVC - - 4 4 0 0
Fenestrated VS - - 4 5 2 2
Hypoplastic CA media - - - - 3 4
Additional CA - - - - 2 2
KO embryos in litter 25% | 24% |22.5% | 18% 17% 16%

Table 1. Cardiac malformations and survival rate of the podoplanin knockout (KO) embryos between embryonic days (E)
9.5-15.5. The mutant hearts showed severe hypoplasia of the compact myocardium with several additional morphological
abnormalities. The severe malformations at the early stages were correlated with the higher mortality of the mutant
embryos at the earlier stages. Ao, aorta; AVC, atrioventricular cushion; CA, coronary artery; EP, epicardium; Myo,
myocardium; n, number of studied KO embryos; PEO, proepicardial organ; VS, ventricular septum. (-): not observed.

Podoplanin was specifically expressed in the mesenchyme and in the myocardium atthe venous
pole. Podoplanin staining was seen in the proepicardial organ (PEO) and the epicardium’
which are mesenchymal in origin. In the myocardium at the venous pole podoplanin stained
the major parts of the cardiac conduction system and sinus venosus (SV) myocardium which
includes the sinoatrial node (SAN), venous valves, myocardium in the dorsal mesocardium,
the dorsal atrial wall and primary atrial septum (AS) as well as the lining of the SV horns and
the common pulmonary veins (PV).
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We studied the embryonic phenotype of the knockout embryos with regard to possible cardiac
malformations in the podoplanin knockout embryos. Several marked morphological cardiac
abnormalities were observed in the mutants. We encountered a significantly decreased PEO
size and myocardial volume and thickness estimated by PEO and myocardial morphometry
(Fig. 2a,b) in the podoplanin null mice. Morphological study showed particularly in the younger
stages a hypoplastic phenotype (thin atrial and ventricular myocardium) with epicardial
impairments such as abnormal spreading and epicardial dissociation. These hearts also
showed several morphological abnormalities such as severe dextroposition of the aorta,
fenestration of the myocardium of the developing ventricular septum and impaired formation
and fusion of the atrioventricular cushions (Table 1). Moreover, myocardial hypoplasia and
abnormalities were observed at the sinus venosus region including the sinoatrial node,
myocardium of the common pulmonary vein, the dorsal atrial wall, the primary atrial septum
and the myocardium of the sinus venosus horns. These malformations will be discussed in a
separate study.

Morphology and immunohistochemical expression patterns related to the contribution of PEO
and epicardium to the heart are described below in the mutant mice and compared to the
wildtype for subsequent stages of heart development.

Stage E9.5

Morphological abnormalities

At E9.5 the PEO was clearly smaller in all podoplanin null mouse hearts (Fig. 3: 1 and 2), but
no other morphological abnormalities were detected.

Immunohistochemistry

At this stage, WT-1 was expressed in the PEO (Fig. 3a,b) of the wildtype mouse hearts and
the podoplanin knockout mouse hearts (Fig. 3c and d). E-cadherin was clearly upregulated
in the PEO of the knockout mouse hearts compared to the wildtype (Fig. 3e-i, k). Podoplanin
staining was observed in the PEO of the wildtype embryos (Fig. 3 j). Other markers were
unchanged in the knockout hearts compared to the wildtype (data not shown).

Stage E10.5

Morphological abnormalities

At this stage no morphological abnormalities were detected in the podoplanin null mouse
embryos.

Immunohistochemistry

As described earlier’, at these stages weak podoplanin was observed in the major parts of the
developing cardiac conduction system and it was markedly expressed in the epicardium (Fig.
4a and c compare with WT-1 expression in b and d).
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Figure 3. Dorsal view of 3-D reconstruction (1,2) and ventral view of transverse sections (a-k) of E9.5 podoplanin wildtype
(WT, Podo+/+) and knockout (KO, Podo-/-) mouse hearts showing the expression of different markers and the size of
the proepicardial organ (PEO). The smaller size of PEO in the KO heart (2) compared to the WT (1) is shown. Sections
a,b show WT-1 expression (a overview and b magnification) in the PEO of the WT mouse hearts. There are no marked
differences in WT-1 expression between the WT and KO mouse hearts (c overview and d magnification). In contrast to
WT-1, E-cadherin expression is upregulated in the KO hearts (g,h,k) compared to the WT hearts (e,f,i). The E-cadherin
upregulation is also seen in the mesenchyme of the sinus venosus region (compare arrowheads in f with h) and in the
PEO cells (compare arrowheads in i with k). In section j podoplanin expression is shown in the PEO of the wildtype
mouse heart. V, ventricle. Color codes: atrial myocardium: light brown, cardinal veins lumen / sinus venosus lumen: light
blue, PEO: purple and ventricular myocardium: dark brown. Scale bars: a,c,e and g = 200 pm, b,d,f,h and j = 30 ym and
iand k =10 ym.
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To demarcate the epicardium, coelomic epithelium and sites of active EMT, we additionally
evaluated WT-1 staining as an epicardial and EPDC marker and E-cadherin staining as a
cell to cell adhesion marker playing a crucial role in EMT. In both wildtype and podoplanin
knockout embryos, WT-1 was observed in the coelomic mesothelium and epicardium (Fig.
4b,d-f,i and j). However, due to the abnormal covering of the epicardium, at several locations
WT-1 expression followed this pattern and did thus not normally cover the myocardium in the
knockout mouse embryos (Fig. 4d,e,i and j). Marked E-cadherin staining could be observed
in both the epicardium and coelomic wall mesothelium of the podoplanin knockout embryos
while in wildtype mouse embryos these areas showed less E-cadherin (Fig. 4g,h,k and I).

Podo** ‘ ‘Podoplanin

RA LA

3 R

‘Ideros bV pEwE

Figure 4. Transverse sections of E10.5 podoplanin wildtype (WT) (Podo**,a-e,g,k) and podoplanin knockout (Podo
f,h-j,I) mouse embryos. In WT mice podoplanin and WT-1 are expressed in the epicardium (EP) and pericardium
(P) (a,b and arrows in magnification c,d). In the podoplanin knockout mouse the WT-1 expression in the individual
EP cells is unchanged (e,i and arrows in d,j). In the WT mouse more EP cells are found (see arrowheads in d,e), as
compared to bare areas in the knockout mouse (arrowheads in i,j). E-cadherin expression is more extensive in the EP
of the podoplanin knockout embryos (h: overview and I: magnification, arrows) compared to the WT (g: overview and k:
magnification, arrows). Moreover, epicardial dissociation due to the epicardial adhesion impairment can be recognized
in the podoplanin knockout embryos (compare arrows in k with 1). LA, left atrium; LV, left ventricle; RA, right atrium; RV,
right ventricle. Scale bars: a,b,f-h =200 pm and c-e,i-I= 30 pm.
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Stage E11.5

Morphological abnormalities

At this stage, the podoplanin knockout embryos showed an incomplete covering and
dissociation of epicardium from the myocardium covering the atrial and ventricular walls. The
compact atrial and ventricular myocardium and the trabeculae were hypoplastic. In addition,
the atrioventricular endocardial cushions were widely separated and had not started to fuse in
contrast to wildtype hearts (data not shown).

Immunohistochemistry

In both wildtype and knockout embryos, the immunohistochemical results of podoplanin (only
for the wildtype), MLC-2a, Nkx2.5, WT-1 and E-cadherin were similar to the previous stages
(data not shown).

Stage E12.5

Morphological abnormalities

At this stage, the knockout embryos showed several morphological abnormalities (Fig.
5a,b). The aorta was more dextroposed in the knockout compared to the wildtype embryos
and still positioned above the right ventricle (Fig. 5¢c and e). The aorta and pulmonary trunk
showed in several cases a side by side position (data not shown). In the cases with a severe
hypoplasia of the atrial as well as ventricular compact myocardium and the trabeculae (Fig.
5c-f), epicardial dissociation and incomplete covering were markedly present (Fig. 5h-j). The
myocardium of the atrial and ventricular wall showed several perforations which caused
continuities between the subendocardial and the subepicardial layers (Fig. 5b and f compare
with a and d). The developing ventricular septum was fenestrated (Fig. 5b,e,m) compared to
the wildtype (Fig. 5a,c and k). A common atrioventricular orifice was found in 3/5 cases with
marked atrioventricular cushion hypoplasia. Moreover the MLC-2a positive cells were absent
in the atrioventricular cushion of the mutant heart (Fig. 5b and n compare with a and ).
Immunohistochemistry

In the wildtype embryos, podoplanin staining was marked in the epicardium covering the heart
(Fig.5g). Similarto the previous stages, we observed no differences in theimmunohistochemical
expression patterns of the used markers in the wildtype and knockout embryos.

Stage E13.5

Morphological abnormalities

In the knockout embryos there was partial epicardial dissociation without severe myocardial
hypoplasia and morphological abnormalities (data not shown).

Immunohistochemistry

The immunohistochemical expression of the used markers was similar in the wildtype and
knockout embryos of E12.5 (data not shown).
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Podo**

Figure 5. Ventral view of a 3-D reconstruction of an E12.5 wildtype (WT) (a) and a podoplanin knockout (b) mouse
heart. c-n: transverse sections of the 3-D hearts stained with MLC-2a (except for g-j). Severe hypoplasia of the compact
myocardium and the trabeculae (f, magnification of e; compare with WT d magnification of c) as well as impaired epicardial
spreading and dissociation shown with WT-1 staining in i and j (compare to WT g,h) are present in the mutant mice. The
chamber myocardium shows several perforations (arrow in b, and f). The ventricular septum (VS) is markedly fenestrated
(arrows in m magnification of e). Impaired fusion of atrial septum (AS), atrioventricular endocardial cushion (AVC) tissue
and VS results in a large common atrioventricular orifice (asterisk in n, compare a with b and | with n). Moreover the
MLC-2a positive cells were absent in the AVC of the mutant heart (I,n). The aorta (Ao) is still positioned above the right
ventricle (RV) (e). Sections g and h show respectively podoplanin and WT-1 expression in the epicardium (arrow heads)
of the WT mouse heart. In the knockout mouse (arrows in i and j) there is dissociation of the epicardium. LA, left atrium;
LV, left ventricle; RA, right atrium. Color codes: atrial lumen: petrol, atrial myocardium: light brown, AV cushion: yellow, LV
lumen: red, RV lumen: green, ventricular myocardium: dark brown. Scale bars: c,e,l,n =200 ym and d,f-k,m = 30 ym.
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Stage E14.5

Morphological abnormalities

Partial epicardial dissociation was observed in two of the four studied hearts of knockout mice
(Fig. 6a-f). These hearts also showed an abnormal atrial myocardial architecture, however
the hypoplasia was mild compared to stages E11.5 and E12.5 (Fig. 6a-d). The remaining
two hearts showed normal epicardial morphology but still a decreased myocardial volume
(Fig. 2b, Table 1). In addition, three knockout hearts showed a marked diminished presence
of smooth muscle cells in coronary artery media, in two of these hearts additional (pin-point)
coronary orifices were observed and the third case showed a double left coronary orifice and
an absent right coronary orifice (Table 1).

Immunohistochemistry

In both the knockout and wildtype mice the expression of MLC-2a and Nkx2.5 were similar to
the previous stages. WT-1 was patchy in the mild hypoplastic hearts of the knockout embryos
due to the partial epicardial discontinuity (Fig. 6 e and f). Moreover, in the knockout hearts less
EPDCs were observed compared to wildtype (Fig. 6 e and f).

Stage E15.5

Morphological abnormalities

At this stage, epicardial dissociation with mild hypoplasia of the compact myocardium was
seen in 2/4 hearts studied. The remaining two hearts showed no epicardial morphological
abnormalities but still had decreased myocardial volume (Fig. 2b). Similar to the previous
stage, podoplanin knockout hearts showed coronary artery abnormalities (Table 1). All four
studied hearts demonstrated deficiency of smooth muscle cells in the coronary artery media
(Fig. 6 g,h). Moreover, two hearts had additional (pin-point) coronary orifices.
Immunohistochemistry

The expression patterns of the immunohistochemical markers in both wildtype and knockout
embryos were similar to the previous stages, except that in epicardial dissociation and
incomplete covering of the mild hypoplastic hearts of the knockout embryos, WT-1 was not
expressed (data not shown).
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Figure 6. Ventral view of transverse sections of an E14.5 wildtype (WT) (a,c,e) and a podoplanin knockout (b,d,f) mouse
heart stained with MLC-2a (a-d) and WT-1 (e-f). Hypoplasia of the compact myocardium and the trabeculae (compare b
and d with a and c) as well as impaired epicardial spreading and dissociation shown in d and f are present in the mutant
mouse. Moreover, the myocardium of the ventricular wall shows a perforation (arrow in d). The ventricular septum (VS)
is less compact compared to WT (compare a and b). Sections e and f show WT-1 expression in the epicardium (EP)
of the respectively WT and knockout mouse hearts. In the podoplanin knockout mouse (arrowhead in d and f) there is
dissociation of the epicardium compared to the WT (c and e). In section f there are several locations on the ventricular
wall without epicardial covering (arrows in f) compared to WT (arrows in e). The podoplanin knockout hearts have (f)
less epicardium-derived cells (EPDC) compared to WT (e). Transverse sections of an E15.5 WT (g) and knockout (h)
embryos stained with 1A4 showing the deficiency of smooth muscle cells in the coronary artery (CA) media (arrow
heads) in the knockout embryos. LV, left ventricle; RA, right atrium; RV, right ventricle. Scale bars: a,b = 200 um and c-f
=30 um, g,h =10 pm.
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Discussion

The coelomic epithelium not only forms the PEO®" but probably also contributes mesenchyme
to the PHF-derived structures at the venous pole of the heart'72. The latter area is the source
of sinus venosus myocardium which is located at the venous pole. For that reason we postulate
that the PHF contributes to the formation of the PEO and sinus venosus myocardium. The
PHF contribution to the sinus venosus myocardium at the venous pole, which has been shown
to be derived from Nkx2.5 negative'*® and Tbx18 positive®® progenitor cells, will be discussed
in a separate study. In the current study we have shown that the PEO as well as epicardium
are positive for podoplanin, a marker of the coelomic mesothelium. Therefore we investigated
podoplanin knockout mice to study the effect of podoplanin on PEO, epicardium, EPDCs and
their described'”'°2' subsequent influence on myocardial architecture.

PEO migration, epicardial adhesion and spreading impairment

The PEO in mouse develops from the coelomic mesothelium at the venous pole of the
heart'®" in a bilaterally symmetric pattern®'. After attachment to the myocardium the PEO
cells spread over the heart to cover the entire myocardium. The epicardial associated cardiac
abnormalities reported in podoplanin knockout mouse are comparable to those in several other
studies, where the importance of PEO cell migration, epicardial adhesion and spreading has
been shown such as in VCAM-1, Tbx5 and a4 integrin knockout mouse models®?%. Abnormal
epicardial migration and spreading was recently described in the RXRa®” and Fgf9®® knockout
mice that show malformations similar to those seen in our podoplanin knockout mouse
supporting a role for podoplanin in the PEO migration, epicardial adhesion and spreading.
EPDCs migration impairment

The key process preceding the migration of EPDCs is EMT. Inhibition of EPDC migration has
been shown as a result of an downregulation of a4 integrin leading to disturbed EMT34. Other
important transcriptional factors involved in the EMT are Slug (avian) and Snail (mammalian)
that repress cell adhesion molecules including E-cadherin resulting in EMT?33940_[nterestingly in
some tumors repression of E-cadherin has been associated with upregulation of podoplanin®.
In our study we observed in the wildtype mouse the expected downregulation of E-cadherin
during the EMT period. In podoplanin knockout mouse, however, where less EPDCs were
seen, E-cadherin expression remained high, supporting that podoplanin plays an important
role in EMT.

Another transcription factor essential for the development of EPDCs is WT-14', which is
found in the epicardium and EPDC’s shortly after EMT. Recently we have shown a role for
WT-1 in epicardial EMT and EPDC formation in the SP3 mutant mouse?'. In that model, a
downregulation of WT-1 expression was observed resulting in disturbed epicardial-myocardial
interaction, diminished EPDC formation and cardiac abnormalities comparable to our
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podoplanin knockout mouse. In the podoplanin model we have not observed a downregulation
of WT-1 but lack of WT-1 expression in areas with absence of epicardium. Both models have
in common a disrupted EMT and EPDC migration.

Cardiac malformations

During the heart development, cardiac looping has a crucial role which is directed by several
mechanisms such as gene regulation, myocardial contraction and blood flow as recently
reviewed by Linask and VanAuker*. Abnormal cardiac looping observed in this study could
be the result of a myocardial problem related to a defective epicardial-myocardial interaction'®.
It has been shown that EPDCs also invade the inner curvature**. Remodeling of the inner
curvature is an important process which is necessary to properly establish the definitive
atrioventricular and ventriculo-arterial connections?'#4. The outflow tract malformations as
dextroposition of the aorta and side by side position of the aorta and pulmonary trunk described
in our study are thus considered to be the result of abnormal looping.

With regard to the coronary arteries in the podoplanin knockout embryos we have observed
severe abnormalities such as a hypoplastic media and additional (pin-point) orifices. Several
retroviral labeling experiments, as well as studies in quail-chicken chimeras and PEO ablation
studies have shown the contribution of EPDC’s to the development of the smooth muscle
cells and adventitial fibroblasts of the coronary arteries*®. Moreover, impaired formation of the
coronary vasculature, as seen in the current study, was shown to be related to altered EPDC
contribution and migration into the wall of the heart'84.

Considering the atrioventricular cushions in the podoplanin mutant mice we observed cases
with an unseptated atrioventricular canal and a common atrioventricular valve. The relation to
absence of EPDCs with valve defects observed in our study may therefore be two-fold. First,
the myocardium needs signals from the EPDCs for proper differentiation'*. EPDC deficiency
in the underlying myocardium may influence the myocardial production of ‘adherons’ and
other chemotactic molecules such as TGF and BMP, which have been shown to be crucial for
cushion development*. Since our knockout model has a significantly diminished myocardial
volume probably due to the epicardial dissociation and impaired EPDC formation we can
postulate that the hypoplasia of the atrioventricular cushion might be an indirect influence
of EPDCs. Secondly, it has been shown that EPDCs invade the atrioventricular cushions
directly where they may play a role in EMT of the endocardium-'42°, Thus based on our
study diminished direct physical presence of EPDCs in the cushions may also impair correct
cushion development, which may lead to hypoplasia of the cushions.

Additionally, the observed outflow tract and atrioventricular cushion abnormalities observed
at the early stages of the mutant embryos could be the result of retarded development rather
than malformations related to the EPDC’s. However, the hearts at E11.5 and E12.5 showed
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the expected maturation: at E12.5 the atria and ventricles were present at the correct side
and well distinguishable, the outflow tract cushions were well developed, the outflow tract
was separated in aorta and pulmonary trunk and the PV could be clearly observed at the left
side. Considering these observation we have concluded that the morphology of the mutant
hearts was not based on just developmental delay. Combined with the fact that we did not see
the severe malformations at the older stages we conclude that increased embryonic death is
related to the severe cardiac phenotype seen in part of the embryos at early stages.

We conclude that the observed cardiac abnormalities are the result of impairment in the PEO
formation, migration, epicardial adhesion, spreading and migration of EPDCs finally resulting
in increased embryonic death of the podoplanin knockout mouse embryos.
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Chapter 4

Podoplanin Deficient Mice Show a RhoA Related
Hypoplasia of the Sinus Venosus Myocardium
Including the Sinoatrial Node

Abstract

We investigated the role of podoplanin in development of the sinus venosus myocardium
comprising the sinoatrial node, the dorsal atrial wall and the primary atrial septum as well as
the myocardium of the cardinal and pulmonary veins. We analyzed podoplanin wildtype and
knockout mouse embryos between embryonic day (E) 9.5-15.5 using immunohistochemical
marker podoplanin, sinoatrial node marker HCN4, myocardial markers MLC-2a, Nkx2.5 as
well as Cx43, coelomic marker WT-1 and epithelial-to-mesenchymal transformation markers
E-cadherin and RhoA. 3D-reconstructions were made and myocardial morphometry were
performed. Podoplanin mutants showed hypoplasia of the sinoatrial node, the primary atrial
septum and dorsal atrial wall. Myocardium lining the wall of the cardinal and pulmonary veins
was thin and perforated. Impaired myocardial formation is correlated with abnormal epithelial-
to-mesenchymal transformation of the coelomic epithelium due to upregulated E-cadherin
and downregulated RhoA, which are under control of podoplanin. Our results demonstrate an
important role for podoplanin in posterior heart field derived sinus venosus myocardium.
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Introduction

During early embryogenesis the lateral plate mesoderm splits into two layers: the somatic
and the splanchnic mesoderm forming the outer and the inner layer of the coelomic cavity'?,
respectively. The somatic mesoderm is involved in development of the body wall and extremities
while myocardial precursors are restricted to the splanchnic mesoderm3#. Subsequently, the
left and right primary heart fields (cardiogenic plates) fuse at the ventral midline resulting in
the primary linear heart tube which starts looping at E 8.5'2.

Previous studies of heart development>” have shown that further development of the heart
tube is related to the addition of cells at both the arterial and venous pole of the heart, forming
the outflow and the inflow tract myocardium, respectively. These early observations on the
addition of the secondary myocardium have recently been supported by several studies
describing the addition of myocardium at the arterial pole, being secondary® and anterior heart
fields®'? and the posterior heart field (PHF) at the venous pole'>' of the developing heart. The
complete length of the splanchnic mesoderm contributing to the addition of myocardium at
both poles of the heart is refered to as second heart field™ or second lineage'®'2'4,

A number of genes and proteins, considered as early markers of the second heart field at the
outflow and inflow tract, have been reported, such as Mesp1'®, fibroblast growth factor (Fgf) 8
and 10°, BMP-2 and Nkx2.581315 |s|1'*  inhibitor of differentiation 1d2'", GATA factors targeting
Mef2c'®'®, Tbx1, Tbx3 and Tbx18'2° and Shox2?'. Recently we have added podoplanin to this
list as a novel gene in cardiac development.

As a coelomic and myocardial marker, podoplanin is specifically expressed in the mesenchyme
and in the myocardium at the venous pole'™??. Studying the mesenchymal population,
podoplanin expression was observed in the proepicardial organ and the epicardium222, In
the cardiomyocyte population podoplanin staining was seen in major parts of the developing
atrioventricular cardiac conduction system, in sinus venosus myocardium including the
sinoatrial node, the venous valves, the dorsal mesocardium, the dorsal atrial wall and
primary atrial septum. Also, the myocardium surrounding the cardinal veins and the common
pulmonary vein belongs to this population'®?. In earlier publications, podoplanin, a 43-kd
mucin type transmembrane glycoprotein, first named E11 antigen as a new marker for an
osteoblastic cell line?*, was also reported in the nervous system, the epithelia of lung, eye,
oesophagus and intestine?®, the mesothelium of the visceral peritoneum?, the coelomic wall
(pericardium) lining the pericardial cavity™ and the epicardium?, the podocytes of the kidney?
and the lymphatic endothelium?’.

To elucidate a possible functional role of podoplanin in cardiac development and more
specifically in the development of the SV myocardium, we studied podoplanin knockout
mouse embryos and used several immunohistochemical markers. To investigate the SV
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myocardium including the sinoatrial node we have used hyperpolarization-activated, cyclic
nucleotide-gated cation 4 (HCN4)%2%°_ In addition, atrial myosin light chain 2 (MLC-2a), NK2
transcription factor related locus 5 (Nkx2.5) and connexin 43 (Cx43) were used. Furthermore,
we studied E-cadherin, a cell to cell adhesion protein, and RhoA important for epithelial-to-
mesenchymal transformation (EMT) of the coelomic epithelium, a process that allows epithelial
cells to become mobile mesenchymal cells®'. To visualize the epithelium and mesothelium of
the coelomic cavity, the epicardium and sites of active EMT, we have used Wilm’s tumor
suppressor protein (WT-1)32%34 |t has been described that the PHF and resulting myocardium
are derived from the epithelial lining of the coelomic cavity (splanchnic mesothelium) by
EMT'3. During normal development, loss of E-cadherin is needed for proper EMT resulting in
loss of epithelial features®® and consecutive development into migratory mesenchymal cells.
During abnormal development, an upregulated state of E-cadherin, by e.g. lack of podoplanin,
presents an altered EMT?236. Podoplanin can, therefore, be considered as an inhibitor of
E-cadherin stimulating EMT. In addition, RhoA activation by podoplanin and ezrin interaction
have been described to lead into podoplanin-induced EMT?®. Similar to E-cadherin, lack of
podoplanin might lead to downregulated RhoA and altered EMT.

In the current paper we studied the role of podoplanin at the venous pole of the heart,
specifically in the sinus venosus myocardium myocardium derived from the PHF, which is a
part of the more extensive second heart field that runs from the arterial to the venous pole. We
demonstrate that knocking out the podoplanin gene leads to myocardial abnormalities in sinus
venosus myocardium at the venous pole of the developing mouse heart.
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Material and Methods

Generation of podoplanin-/- mice and harvesting of embryos

The podoplanin knockout mice were generated by homologous recombination in embryonic
stem cells from the 129S/v mouse line by inserting a neomycin phosphotransferase cassette
in a 7.7kb genomic fragment encompassing exons Il to V. The complete description of this
model was reported previously?2. Briefly, the heterozygous ES cell clones were test-bred for
germline transmission with Swiss mice to generate podoplanin+/- offspring (50% 129S/v: 50%
Swiss genetic background) using standard procedures. These mice were crossed to obtain
podoplanin-/- embryos and podoplanin+/+ (wildtype) littermates. The morning of the vaginal
plug was stated embryonic day (E) 0.5. Pregnant females were sacrificed and embryos were
harvested.

General description

We investigated the lining of the coelomic cavity and the morphology of the sinus venosus
myocardium of the heart in 27 wildtype mouse embryos of E9.5 (n=4), E10.5 (n=4), E11.5
(n=3), E12.5 (n=4), E13.5 (n=5), E14.5 (n=4) and E15.5 (n=3) and compared these with 37
podoplanin knockout mouse embryos of E9.5 (n=4), E10.5 (n=4), E11.5 (n=6), E12.5 (n=8),
E13.5 (n=6), E14.5 (n=5) and E15.5 (n=4). All embryos were fixed in 4% paraformaldehyde
(PFA) and routinely processed for paraffin immunohistochemical investigation.
Immunohistochemistry

Immunohistochemistry was performed with antibodies against MLC-2a (1/6000, kindly
provided by S.W. Kubalak, Charleston, SC, USA), Nkx2.5 (1/4000, Santa Cruz Biotechnology,
Inc., CA, USA, SC-8697), podoplanin (clone 8.1.1., 1/500, Hybridomabank, lowa, USA), WT-1
(1/1000, Santa Cruz Biotechnology, Inc., CA, USA, sc-192), E-cadherin (1/150, Santa Cruz
Biotechnology, Inc., CA, USA, SC-7870), HCN4 (1/1000, Alomone labs, The Netherlands,
APC-052), RhoA (1/2000, Santa Cruz Biotechnology, Inc., CA, USA, SC-418) and Cx43
(1/200, Sigma-Aldrich Chemie, USA, C6219). The primary antibodies were dissolved in
phosphate buffered saline (PBS)-Tween-20 with 1% Bovine Serum Albumin (BSA, Sigma
Aldrich, USA). Between subsequent incubation steps all slides were rinsed in PBS (2x) and
PBS-Tween-20 (1x). The slides were incubated with the secondary antibody for 45 min:
for MLC-2a, WT-1, E-cadherin, HCN4 and Cx43 with 1/200 goat-anti-rabbit-biotin (Vector
Laboratories, USA, BA-1000) and 1/66 goat serum (Vector Laboratories, USA, S1000) in
PBS-Tween-20; for Nkx2.5 with 1/200 horse-anti-goat-biotin (Vector Laboratories, USA, BA-
9500) and 1/66 horse serum (Brunschwig Chemie, Switserland, S-2000) in PBS-Tween-20;
for podoplanin with 1/200 goat-anti-Syrian hamster-biotin (Jackson Imunno research, USA,
107-065-142) and 1/66 goat serum (Vector Laboratories, USA, S1000) in PBS-Tween-20
and for RhoA with 1/200 horse-anti-mouse-biotin (Santa Cruz Biotechnology, Inc., CA, USA,
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SC-9996-FITC) and 1/66 horse serum (Brunschwig Chemie, Switserland, S-2000) in PBS-
Tween-20. The slides were incubated with ABC-reagent (Vector Laboratories,USA, PK 6100)
for 45 min. For visualization the slides were incubated with 400 pg/ml 3-3’di-aminobenzidin
tetrahydrochloride (DAB, Sigma-Aldrich Chemie, USA, D5637) dissolved in Tris-maleate
buffer pH 7.6 to which 20 ul H202 was added: MLC-2a, and E-cadherin 5 min; Nkx2.5, HCN4,
Cx43, WT-1 and podoplanin 10 min. Counterstaining was performed with 0.1% haematoxylin
(Merck, Darmstadt, Germany) for 5 sec, followed by rinsing with tap water for 10 min. All slides
were dehydrated and mounted with Entellan (Merck, Darmstadt, Germany).

3-D reconstructions

We made 3-D reconstructions of the sinus venosus myocardium based on MLC-2a, Nkx2.5
and HCN4 stained sections of wildtype as well as podoplanin knockout embryos of E12.5
in which the morphological differences were shown. The reconstructions were made as
previously described® using the AMIRA software package (Template Graphics Software, San
Diego, USA).

Morphometry of the myocardium

Based on HCN4, MLC-2a and Nkx2.5 stained sections, sinus venosus and separately
sinoatrial node myocardial volume estimation was performed of 12 wildtype mouse hearts
of E11.5 (n=3), E12.5 (n=3), E13.5 (n=3) E14.5 (n=3) and 12 podoplanin knockout mouse
hearts of E11.5 (n=3), E12.5 (n=3), E13.5 (n=3) E14.5 (n=3) based on Cavalieri’s principle
as described previously®. Statistical analysis was performed with an independent sample-t-
test (P<0.05) using the SPSS 11.0 software program (SPSS Inc, Chicago, Ill). In summary,
regularly spaced points (100mm? for sinus venosus myocardium and 49mm? for sinoatrial
node myocardium) were randomly positioned on the HCN4 stained myocardium. The distance
between the subsequent sections of the slides was 0.075 mm for sinus venosus myocardium
and 0.025 mm for sinoatrial node. The volume measurement was performed using the HB2
Olympus microscope with a 100x magnification objective for sinus venosus myocardium and
200x for sinoatrial node.
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Results

General description

We studied the embryonic phenotype of the podoplanin knockout mice, which show an
increased embryonic death of approximately 40% of the homozygote embryos between
E10-E16. Additionally, 50% of the neonatal homozygote knockout mice die within the first
weeks of life, while heterozygous mutants reach sexual maturity. The cause of embryonic
death has been correlated to the cardiac defects??, while the cause of neonatal death is still
unknown.

Several marked morphological cardiac abnormalities were observed in the knockout mouse
embryos. In the younger stages a hypoplastic proepicardial organ (E10.5) as well as ventricular
myocardium were observed with discontinuous epicardium, a thin layer of the subepicardial
mesenchyme and a diminished amount of epicardium-derived cells (EPDC’s)*. These hearts
also presented outflow tract abnormalities such as severe dextroposition of the aorta, coronary
artery abnormalities, spongious myocardium of the developing interventricular septum and
impaired formation and fusion of the atrioventricular cushions. At the sinus venosus region,
which is the area of our focus, myocardial hypoplasia and morphological abnormalities were
observed. In general, the sinus venosus myocardial abnormalities, mentioned below, were
seen in the sinoatrial node, the dorsal atrial wall, the atrial sepum as well as the myocardium
of the cardinal and pulmonary veins.

Morphology and immunohistochemical expression patterns of the sinus venosus myocardium
will be described in the knockout embryos and compared to wildtype embryos, in subsequent
stages of heart development.

Podoplanin expression in the heart

In wildtype mice the first expression of podoplanin can be recognized as early as E9.5 in the
coelomic mesothelium and in the proepicardial organ'®??. Moreover, podoplanin was observed
in the myocardium of the medial wall of the left cardinal vein shortly before entering the sinus
venosus. At E10.5 podoplanin staining in this region was more extensive and extended into
the dorsal mesocardium. At the right side the staining is evaluated for the first time at the
level of the future sinoatrial node, in the medial wall of the right cardinal vein. The venous
valves showed also podoplanin positivity. At E12.5 podoplanin was clearly observed in the
pericardium, epicardium, sinoatrial node, venous valves, dorsal mesocardium, myocardium of
the pulmonary vein, atrial septum and ventricular conduction system. Remarkably, podoplanin
staining was also observed at the left side bordering the medial contour of the left cardinal
vein. The pattern and intensity of this region was similar to the sinoatrial region at the right
side, although the left-sided region was smaller at this stage™.
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Sites of epithelial-to-mesenchymal transformation

To demarcate the coelomic mesothelium and sites of active EMT, we used WT-1 staining as
a coelomic mesothelial marker, E-cadherin staining as a cell-to-cell adhesion marker and
RhoA, playing a crucial role in EMT at specific sites of the venous pole. WT-1 was observed
in both the coelomic mesothelium and proepicardial organ at E9.5 in the wildtype. In the
mutants, compared to the wildtype embryos, these regions were smaller and E-cadherin was
upregulated. At E10.5 in wildtype embryos WT-1 positivity was found in the single layer of
mesothelium of the coelomic cavity and epicardium (Fig. 1a and b). Marked staining was
seen at the corners of the coelomic cavity at both sides adjacent to the cardinal veins, where
the expression of WT-1 was more extensive and the cells of the coelomic mesothelium
appeared to be cuboidal and well organized (Fig. 1b). In the podoplanin knockout embryos
WT-1 was also present in these regions (Fig. 1e and f), however, the coelomic mesothelium
was disorganized, the cells were irregular in shape and size and seemed to have maintained
their epithelial confinement (Fig. 1, compare a and b with e and f). The defective spreading of
the epicardium at several locations was shown after WT-1 staining that followed this pattern
and did not normally cover the myocardium in the knockout mouse embryos (Fig 1 a and
e). Increased E-cadherin staining has been observed clearly in both the epicardium and
mesothelium lining the coelomic wall in the podoplanin knockout embryos (Fig. 1g) compared
to the wildtype mouse embryos (Fig. 1c). Remarkably, in the mutants E-cadherin staining
was not only upregulated in the epithelium of the coelomic cavity, but also in the underlying
mesenchymal cells (Fig. 1 ¢ and g), supporting the observation of disturbed EMT. At E10.5
in wildtype embryos major RhoA expression was seen in the mesenchyme and epithelium of
the coelomic cavity and epicardium (Fig. 1d). In the mutants overall expression of RhoA was
downregulated (Fig. 1h).

The sinus venosus myocardium

To evaluate the extent of sinus venosus myocardium we studied the expression of HCN4
in the wildtype and podoplanin knockout embryos between E9.5-E14.5. The HCN4 positive
region of the sinus venosus area (Fig. 2i,k and Fig. 3d,f,m,0) overlaps the Nkx2.5 negative
(Fig. 2g,j and Fig. 3 h,i,j,k) and MLC-2a positive sinus venosus region (Fig. 2c-f and Fig.
3c,e,l,n). Podoplanin is also expressed in these regions of the sinus venosus myocardium,
almost completely overlapping with the Nkx2.5 negative and HCN4 positive regions.
Sinoatrial node and venous valves

In the sinoatrial node the MLC-2a positive (Fig. 2c-f) and Nkx2.5 negative (Fig. 2g,j) region
were identical to the HCN4 (Fig. 2i,k) and podoplanin (Fig. 2h) positive areas. In contrast to
the remaining sinus venosus myocardial structures, in the sinoatrial node HCN4 remained
positive, while Nkx2.5 negative staining was maintained. In the knockout mice the sinoatrial
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node was hypoplastic (Fig. 2a,b,d,f) and the venous valves were shorter and thinner (Fig.
2c,e). However, the expression pattern of MLC2a, Nkx2.5 HCN4 and Cx43 (not shown), was
not changed compared to the wildtype (Fig. 2c-k). Comparable to E10.5 in wild type embryos,
RhoA expression was seen in coelomic mesenchyme and epithelium as well as in sinoatrial
node and epicardium (Fig. 2I,m). In the mutants, RhoA expression was downregulated in
sinoatrial node as well as in coelomic epithelium and epicardium (Fig. 2n,0).

~Podoplanin -,
P

W

Figure 1. Transverse sections showing EMT sites of the coelomic cavity epithelium in the hearts of E10.5 wildtype
(WT) and podoplanin knockout (podoplanin-/-) mouse embryos. To demarcate the coelomic mesothelium and sites of
active EMT, we studied WT-1 staining (a,b,e and f) and E-cadherin staining (¢ and g). WT-1 positivity was found in the
mesothelium (asterisk in b and f) and epithelium (CE) of the coelomic cavity and epicardium (EP) of the WT embryos
(a and b). WT-1 staining was more extensive at the corners of the coelomic cavity (asterisk) below the left cardinal vein
(LCV), where the CE appeared to be cuboidal and well organized (b). In the podoplanin-/- embryos WT-1 was also present
in these regions (e and f), however, the CE was disorganized and the cells were irregular in shape and size (compare
a and b with e and f). E-cadherin staining appeared stronger in both the EP and CE of the podoplanin-/- embryos (g) as
compared to the WT mouse embryos (c). Remarkably, in the podoplanin-/- E-cadherin staining was not only upregulated
in the CE but also in the underlying mesothelial cells (c and g). In WT embryos RhoA expression was seen in the
coelomic mesenchyme, CE and epicardium (d). In the mutants overall expression of RhoA was downregulated (h). LA:
left atrium. Scale bars: a,e = 60um; b,c,d,f,g,h = 30um; magnification box in ¢,d,g and h = 20um.
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Figure 2. Cranio-dorsal view of 3-D reconstructions (a and b) and transverse sections (c-0) showing at E12.5 the
hypoplasia of the sinoatrial nodal (SAN) region in the podoplanin knockout (podoplanin-/-) mouse embryos compared to
the wildtype (WT) embryos. The intersection line ¢ refers to sections ¢ and d and the intersection line e refers to sections
e and f. In the SAN (asterisks) the expression level of MLC-2a (c-f), Nkx2.5 (g and j), and HCN4 (i and k) was unaltered
in the WT (c,d,g and i) and podoplanin-/- embryos (e,f,j and k). Section h shows podoplanin (Podo) expression in the
SAN of the WT heart. The SAN in the podoplanin-/- is thin and hypoplastic compared to WT (compare d with f). In the
mutants the venous valves (VV), dorsal atrial wall (arrows in ¢ and e) and primary atrial septum (AS) were also small
and hypoplastic (compare c with e). Because of the deficient AS the mutant hearts showed a large atrial septum defect
(compare c with e) and the AS myocardium was not properly embedded in the atrioventricular cushion (AVC, arrow
heads in ¢ and e). The AVC was not fused properly with the ventricular septum resulting into a ventricular septum defect
(compare c with e). In WT embryos, RhoA expression was seen in coelomic mesenchyme, CE as well as in SAN and
epicardium (EP) (I,m). In the mutants, RhoA expression was downregulated in SAN as well as in CE and EP (n,0). Color
codes: atrial myocardium: light brown, cardinal veins lumen: transparent blue, common pulmonary vein (PV) lumen: pink,
sinus venosus myocardium: purple, ventricular myocardium (V): brown. LA: left atrium; LCV: left cardinal vein; RA: right
atrium; RCV: right cardinal vein. Scale bars: c,e = 200pum; d,f-I,n = 30uym; m,o0 = 20pm.
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Primary atrial septum and dorsal atrial wall

In both wildtype and podoplanin knockout embryos MLC-2a expression was present in the
sinus venosus myocardium and the myocardium of the atrial and ventricular wall (Fig. 2a-f and
Fig. 3a-c,e,l,n). Similar to the sinoatrial node and venous valves, the expression pattern of the
mentioned markers was unchanged in the mutants compared to the wildtype embryos. In the
mutants, myocardial hypoplasia was seen of the dorsal atrial wall (Fig. 2¢-f). The atrial septum
was thin (Fig. 3c-f) and deficient (Fig. 2c,e) with a large secondary foramen (Fig. 2c,e). The
myocardialization process at the base of the atrial septum was almost absent (Fig. 2c,e).
Additionally, in the knockout embryos, the atrioventricular cushion was not fused properly to
the top of the ventricular septum, resulting into a persisting interventricular communication
(Fig. 2c,e). There is a marked dilatation of the atria in the mutant embryos compared to the
wildtype (Fig. 2c,e).

Pulmonary and cardinal veins

In wildtype embryos the wall of the pulmonary and cardinal veins showed MLC-2a (Fig. 3c,l)
and HCN4 (Fig. 3a,d,m) expression while the Nkx2.5 expression pattern was mosaic in the
myocardium lining the pulmonary vein (Fig. 3h,i) and negative in the wall of the cardinal veins
(Fig. 3h). The staining for HCN4 was diminished at E15.5 compared to earlier stages whereas
the initially Nkx2.5 negative myocardium of the cardinal veins and Nkx2.5 mosaic myocardium
of the pulmonary vein wall became positive.

In the knockout embryos, myocardium of the pulmonary vein wall was hypoplastic and almost
absent compared to the wildtype (Fig. 3c,e). The extent of hypoplasia and lack of myocardium
of the pulmonary vein corresponded with the regions normally expressing HCN4 (Fig. 3d,f) and
podoplanin (Fig. 3g). Comparable to the MLC-2a stained myocardium around the pulmonary
vein as described above, the Nkx2.5 mosaic area was hypoplastic and almost absent in the
knockout mice (compare Fig. 3h,i with j,k).

The myocardium of the cardinal veins was also hypoplastic and showed several fenestrations
(Fig. 3l-0). Both the atrial lumen and the lumen of the cardinal veins were dilated. The sinus
venosus (Fig. 4a) and separately the sinoatrial node (Fig. 4b) myocardial volume, which was
estimated by myocardial morphometry, showed a significant (p<0.05) decrease of myocardial
volume in the knockout embryos compared to the wildtype embryos.
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Figure 3. Cranio-dorsal view of 3-D reconstructions (a and b) and transverse sections (c-0) showing the myocardial
hypoplasia of the common pulmonary vein (PV), atrial septum (asterisk) and the wall of the cardinal veins of E12.5
wildtype (WT) and podoplanin knockout (podoplanin-/-) embryonic mouse hearts. The intersection lines c,l,e and n refer
to the sections c,l,e and n, respectively. In the MLC-2a sections (c,e) the hypoplasia of the myocardium around the PV
in the podoplanin-/- is clearly visible. Moreover, parts of myocardium around the PV which are also positive for HCN4
(d) and podoplanin (g) are missing in the podoplanin-/- (compare c,d with e,f). This lack of myocardium around the PV
is also seen in the sections stained with Nkx2.5 (h-k) where the Nkx2.5 mosaic myocardium of the PV is missing in the
podoplanin-/- (k,j) compared with the WT (h,i). The hypoplasia of the atrial septum (asterisk) is seen in the podoplanin-/-
(e) compared to the WT (c). Sections | and n are stained with MLC-2a and sections m and o show HCN4 expression of
the same region demonstrating the hypoplasia and the perforations (arrows in n) of the myocardium of the cardinal veins
in the podoplanin-/-. Color codes: atrial myocardium: light brown, cardinal veins lumen: transparent blue, PV lumen:
pink, sinus venosus myocardium: purple, ventricular myocardium: brown. LA: left atrium, LCV: left cardinal vein, LV: left
ventricle, RA: right atrium, RCV: right cardinal vein, RV: right ventricle. Scale bars: c,e,l,n = 60um; d,f,g,h,k = 30um; i,j
=20um, m,0 = 200pm.
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Discussion

This study was conducted to elucidate the role of podoplanin in the development of the SV
myocardium derived from the specific area of the second heart field which we have named
PHF by studying podoplanin expression'®?2, Previous studies have shown that mesodermal
progenitor cells from the second heart field contribute to the formation and addition of
myocardium both at the arterial and the venous pole of the developing heart'®3144041 Qur
observations are based on the study of the podoplanin gene and its protein expression in
different embryonic stages during cardiac development. We have generated podoplanin
knockout mouse embryos and used several immunohistochemical markers to study the
mutants and wildtypes. We have observed that the mutant embryos present severe cardiac
malformations and show hypoplasia of the sinus venosus myocardium. These findings
have consequences for the development and contribution of the PHF to the sinus venosus
myocardium.

Sinoatrial node and venous valves

The sinoatrial node is a complex structure that plays a fundamental role in cardiac pacemaker
activity?®. Despite its essential role in cardiac conduction, the origin of the sinoatrial node is
still not well understood. Recently the formation and differentiation of the sinoatrial node at
the venous pole of the heart has been described from the novel Nkx2.5 negative and Tbx18
positive precursor cells'® which were positive for podoplanin®®. In the current study we report
HCN4 expression in the podoplanin positive and Nkx2.5 negative sinoatrial node in accordance
with observations in other studies'®*#2, The specific combination of Nkx2.5 negative and
podoplanin and HCN4 positive expression in the sinoatrial node during early heart development
is in contrast with the expression of these markers in the primary atrial myocardium. The latter
suggests a different precursor for the sinoatrial node and the primary atrial myocardium. In
contrast to the primary atrial myocardium, which derives from the primary heart field, the SV
myocardium including the sinoatrial node originates from the second heart field, as concluded
from Isl1, Tbx3 and Tbx18 expression at the venous pole of the heart'*'53043 To clarify the
functional role of podoplanin in the development of the sinus venosus myocardium we have
studied podoplanin mutants and found a hypoplastic sinus venosus myocardium including the
sinoatrial node and the venous valves. Another interesting gene involved in the development
of the sinus venosus myocardium is Shox2?'. Shox2 mutants showed severe hypoplasia of
the sinus venosus myocardium comparable to our observations in the podoplanin null mice.
Moreover, the hypoplastic sinoatrial in Shox2 mutants showed aberrant expression of Cx43
combined with abnormal Nkx2.5 positivity. In contrast to the Shox2 mutants, Nkx2.5 and
Cx43 expression patterns remained unchanged in the podoplanin knockout mouse hearts
suggesting a different role for podoplanin in the sinoatrial node pacemaking development than
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Shox2. Electrophysiological experiments will be carried out to investigate possible arrhythmias
in these mutants to solve the mentioned neonatal death.

Primary atrial septum and dorsal atrial wall

Lineage tracing experiments studying Is/1", Fgf 10'° and Tbx5*45, 18" and Shox2?' have
demonstrated the contribution of the second heart field at the venous pole to the formation of
the atrial myocardium which has a distinct molecular composition compared to the heart tube
derived from the primary heart field*144s

Podoplanin is expressed in PHF as well and not only stains the proepicardial organ derivatives
but also the Nkx2.5 negative myocardium in the dorsal mesocardium'. This myocardium is
supposed to form part of the dorsal atrial wall as well as the atrial septum. In the podoplanin
mutant mouse this myocardium is hypoplastic, probably due to diminished PHF-derived
myocardial contribution. Another option, is that abnormal epicardial-myocardial interaction
plays a role in development of deficient myocardium as is seen in SP3 mutant muse*’. We
already described the deficient EPDC contribution in the podoplanin mutant??23, Therefore,
both the hypoplasia of the atrial septum as well as the dorsal atrial wall observed in the current
study, are related to the altered contribution of myocardial and epicardial cells from the PHF.

Pulmonary and cardinal veins

A controversy regarding the development of the venous pole concerns the origin of
the pulmonary vein. The pulmonary pit develops either in the dorsal mesocardium at the
midline*®%°, at the left>! or the right®-5® side of the embryo as a solitary unpaired structure that
arises from the sinus venosus®'-%® or primitive atrium*4854 Recently, Manner and Merkel®
have described the pulmonary pit as a bilaterally paired structure. We have described that
the early common pulmonary vein is surrounded by Nkx2.5 mosaic cells which are positive
for MLC-2a and podoplanin™. Part of this myocardium has also been reported as ‘mediastinal
myocardium’>4, The Nkx2.5 mosaic area forms a myocardial sleeve around the pulmonary vein
extending to the atrial septum and Nkx2.5 negative cardinal veins in contrast to the primary
atrial myocardium which is completely Nkx2.5 positive. These data support the formation of
the wall of the pulmonary vein to be from the surrounding mesodermal precursor cells at the
dorsal mesocardium postulated to be derived from the PHF'. Concomitant with the higher
proliferation rate of the pulmonary vein myocardium?®, the Nkx2.5 mosaic area became Nkx2.5
positive in contrast to the sinoatrial node and cardinal vein myocardium that remained Nkx2.5
negative but HCN4 positive. This suggests a distinct differentiation rate of the pulmonary
vein myocardium compared to the sinoatrial node and cardinal vein myocardium. At E15.5
the cardinal vein myocardium became gradually positive for Nkx2.5, whereas the HCN4
expression was diminished, suggesting the gradual completion of the differentiation process
at the venous pole.
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In the mutant embryos, the diminished myocardial contribution to the wall of the pulmonary
vein and cardinal veins is evident. It is not clear whether MLC-2a and Nkx2.5 are directly
regulated by podoplanin or whether this is due to altered addition of secondary myocardium
from the PHF region by lack of podoplanin.

The role of podoplanin in EMT of the coelomic epithelium

EMT of the coelomic epithelium plays an important role in the addition of cells to the developing
heart. An important feature of EMT is downregulation of cell-to-cell adhesion molecule
E-cadherin3%%7:% which is correlated with podoplanin®®. We have observed upregulation of
E-cadherin in the coelomic cavity epithelium of the podoplanin knockout embryos. Regarding
the addition of myocardium from the second heart field, the observed hypoplasia at the sinus
venosus region might be caused by upregulated E-cadherin in the podoplanin knockout
embryos which causes abnormal EMT of the coelomic epithelium at specific sites of the sinus
venosus myocardium?,

Moreover, podoplanin is involved in motility of cells where it colocalizes with the ezrin, radixin
and moesin (ERM) protein family®¢5°. ERM proteins bind to the podoplanin ERM —binding site
to activate RhoA, a member of the Rho GTPase protein family controlling a wide variety of
cellular processes including proliferation, differentiation, cell morphology and motility®®¢'. The
increased RhoA activity leads to ‘podoplanin-induced’ EMT?®". With regard to this mechanism,
lack of podoplanin has resulted in diminished activatioof RhoA protein which may prevent the
‘podoplanin-induced’ EMT with subsequent myocardial abnormalities of the venous pole.
Taken together, we show severe hypoplasia and myocardial abnormalities of the sinus venosus
myocardium by lack of podoplanin. In addition, we postulate not only a common origin of the
sinoatrial node, dorsal atrial wall, atrial septum, pulmonary and cardinal veins deriving from
the PHF, but also provide a link between the pulmonary vein and sinus venosus myocardium
rather than the pulmonary vein and primary atrial myocardium.

Clinical implications

Parts of the cardiac conduction system derive from the secondary heart field which may imply
a role in the etiology of clinical syndromes. Several transgenic mice present with sick sinus
syndrome, occurring in a familial form, are due to the lack of Ca?* and other ion channels as
well as gap junctions®. The dysfunctions include bradycardia, sinus dysrhythmia and sinus
node exit block®2. In our mutant embryos we have observed a hypoplastic sinoatrial node, while
podoplanin is involved in water transport?, cationic, anionic and amino acid transport®® and
Ca?* dependent cell adhesiveness®. It is relevant to perform functional studies in these hearts
in the future to show dysfunctions such as bradycardia (sick sinus syndrome) comparable to
Shox2 mutants?'.

80



Development of the Sinus Venosus Myocardium

Several studies suggested an embryonic background of atrial fibrillation originating
from the pulmonary and caval veins and based on expression patterns of molecular and
immunohistochemical markers®4%%_|n the current study we observed HCN4 expression in the
sinoatrial node and in the myocardium of the wall of the cardinal veins and the pulmonary vein.
In the mutant mice this population of HCN4 positive cells is diminished in the sinus venosus
myocardium which may provide a developmental background of arrhythmias originating from
this area.

Next to disturbances in cardiac conduction, the observed deficient myocardial as well as
epicardial contribution results in atrial and ventricular septal defects in addition to the already
observed myocardial and coronary vascular abnormalities??.
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Chapter 5

Pulmonary Vein, Dorsal Atrial Wall and Atrial Septum
Abnormalities in Podoplanin Knockout Mice with
Disturbed Posterior Heart Field Contribution

Abstract

The developing sinus venosus myocardium, derived from the posterior heart field, contributes
to the atrial septum, the posterior atrial wall, the sino-atrial node and myocardium lining the
pulmonary and cardinal veins, all expressing podoplanin, a coelomic and a myocardial marker.
We compared development and differentiation of the myocardium and vascular wall of the
pulmonary veins, left atrial dorsal wall and atrial septum in wild type with podoplanin knockout
mouse embryos (E10.5-E18.5) by 3-D reconstruction and immunohistochemistry. Expression
of Nkx2.5 in the pulmonary venous myocardium changes from mosaic to positive during
development pointing out a high proliferative rate compared to Nkx2.5 negative myocardium
of the sino-atrial node and cardinal veins. In mutants, myocardium of the pulmonary veins,
dorsal atrial wall and atrial septum was hypoplastic. The atrial septum and right sided wall of
the pulmonary vein almost lacked interposed mesenchyme. Extension of smooth muscle cells
into the left atrial body was diminished. We conclude that myocardium of the pulmonary veins,
dorsal atrial wall and atrial septum as well as the smooth muscle cells are derived from the
posterior heart field regulated by podoplanin.
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Posterior Heart Field and Pulmonary Vein Development

Introduction

The developmental origin and molecular mechanisms controlling the formation of the
myocardium of the pulmonary veins (PV) and the smooth muscle cells (SMCs) of the PV
media are a matter of debate. The PV myocardial sleeve develops by either migration of
myocardial cells from the left atrium (LA)" or by recruitment of extracardiac mesenchymal cells
which differentiate into myocardial cells?. Based on expression patterns of Nkx2.5, Islet1 and
Pitx2c the LA and PV myocardium was suggested to be formed by the addition of myocardial
cells from the second heart field at the venous pole®.

The second heart field, part of the splanchnic mesoderm, is involved in the addition of
(myocardial) cells to the primary heart tube at both the arterial (the secondary and anterior
heart field) and the venous pole (the posterior heart field)*. Islet1, a marker of undifferentiated
cardiac progenitor cells, is expressed throughout the second heart field®. Myocardial cells
can differentiate from second heart field derived mesenchymal cells, and SMCs may also
differentiate from mesenchyme?.

The transmembrane glycoprotein podoplanin, a coelomic and myocardial marker expressed
in the posterior heart field’, has gained interest for its role in epithelial-to-mesenchymal
transformation (EMT) and in formation of myocardium and coronary SMCs at the venous pole
of the heart®. It is found in the proepicardial organ, epicardium, sinus venosus myocardium
including the sino-atrial node, the PVs and cardinal veins, the dorsal atrial wall and the base
of the atrial septum extending into the developing atrial and ventricular cardiac conduction
system. Podoplanin promotes EMT by binding ezrin, radixin, moesin (ERM) proteins that
activate RhoA, and by downregulation of the cell-to-cell adhesion molecule E-cadherin®. Lack of
podoplaninleads to altered EMT and e.g., to abnormal formation of sinus venosus myocardium
and decreased numbers of SMCs of the coronary artery media®. In extra cardiac tissues
podoplanin functions as a possible signalling molecule and is involved in the development of
osteoblasts'® intestinal and alveolar epithelium' podocytes and mesothelium of the visceral
peritoneum™ and lymphatic endothelium'. During cardiac development, podoplanin is
expressed specifically in the second heart field derived myocardium and mesenchyme at the
venous pole of the heart®.

Our previous study in humans' demonstrated that during incorporation of the PVs in the LA
body, the inner lining of the LA body presents vessel wall tissue. The outer layer of the LA is
formed by myocardium covered by epicardium. The origin of the SMCs of the LA dorsal wall
is still a topic of discussion.
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In the present study, we have compared the morphology and development of the wall of the
PVs, LA dorsal wall and atrial septum between wild type and podoplanin knockout mouse
embryos of embryonic stages (E) 10.5-18.5. We hypothesize that the posterior heart field is
involved in the formation and differentiation of both myocardial cells and SMCs of the PVs and
LA dorsal wall regulated by podoplanin.
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Material and Methods

Generation of the embryonic and neonatal mice

This study was performed at the department of Anatomy&Embryology of the Leiden University
Medical Center and was approved by the Animal Research Committee. Podoplanin knockout
mice were generated by homologous recombination in embryonic stem cells from the 129S/v
mouse line as reported previously?.

General description

We investigated the morphology and development of the sinus venosus region of the heart,
especially the PVs, LA dorsal wall and atrial septum in 32 wild type mouse embryos of E10.5
(n=4), E11.5 (n=3), E12.5 (n=4), E13.5 (n=5), E14.5 (n=4), E15.5 (n=3), E16.5 (n=3), E17.5
(n=3) and E18.5 (n=3), and compared these with 28 podoplanin knockout mouse embryos
of E10.5 (n=4), E11.5 (n=5), E12.5 (n=5), E13.5 (n=3), E14.5 (n=4), E15.5 (n=4) and E18.5
(n=3).

Immunohistochemistry

Immunohistochemistry was performed with antibodies against alpha-smooth-muscle actin
(1A4, 1/2000, Sigma Aldrich, Product No.A2547, USA) to detect differentiated SMCs and
developing myocardium, atrial myosin light chain 2 (MLC2a, 1/6000, kindly provided by S.W.
Kubalak, Charleston, SC, USA) specific for (atrial) myocardium, NK2 transcription factor
related locus 5 (Nkx2.5, 1/4000, Santa Cruz Biotechnology, Inc., CA, USA, SC-8697) as an
early marker of undifferentiated cardiac progenitor cells, and podoplanin (clone 8.1.1., 1/500,
Hybridomabank, lowa, USA) as a marker of the posterior heart field myocardium. Fixation,
preparation and staining procedures were completed according to standard protocolsg.

3-D reconstructions

We made 3-D reconstructions, as described previously?, of the composition of PV, LA dorsal
wall and atrial septum of MLC-2a and 1A4 stained sections of podoplanin wild type and
knockout embryos (E15.5).

Morphometry

Sinus venosus myocardial volume estimation was performed of 12 wildtype mouse hearts of
E11.5 (n=3), E12.5 (n=3), E15.5 (n=3) and E18.5 (n=3) and 12 podoplanin knockout hearts
of E11.5 (n=3), E12.5 (n=3), E15.5 (n=4) and E18.5 (n=2). Statistical analysis was performed
with an independent sample-t-test (P<0.05) using SPSS 11.0 software (SPSS Inc, Chicago,
) as described previously®.
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Results

Podoplanin mutants demonstrate marked mesenchymal and myocardial abnormalities,
including hypoplasia of the pro-epicardial organ, abnormal epicardium, hypoplastic chamber
myocardium, atrial, ventricular and atrioventricular septal defects, and an abnormal coronary
arterial vascular wall”8. These abnormalities are related to diminished EMT which was reported
in a previous paper®. Below, the morphological development of the wall of the PV, LA and atrial
septum will be described in subsequent stages. Abnormal PV connections were not observed.
In Table 1a sinus venosus myocardial volumes between wild type and knockout mice are
compared. Table 1b provides an overview of qualitative expression of myocardial and SMCs
markers used.

Myocardial Morphometry

WT Podoplanin
t-test
E
: . p value
Myocardial volume (mm?) SD Myocardial volume (mm?) SD
1.5 0.0094 (n=3) 0.0029 0.0050 (n=3) 0.0017 0.0457
12.5 0.0120 (n=3) 0.0025 0.0071 (n=3) 0.0032 0.0348
15.5 0.0424 (n=3) 0.0052 0.0300 (n=4) 0.0047 0.0108
18.5 0.2871 (n=3) 0.0307 0.1688 (n=2) 0.0287 0.0115
a
Expression of Markers
PV wall LA dorsal wall Atrial septum PV Media
E Markers
WT | Mutant WT Mutant WT [ Mutant | WT | Mutant
MLC2a ++ + ++ + Not
10.5 | Nkx2.5 ++ + ++ + Developed
Actin ++ + ++ + Yet
MLC2a ++ + +++ ++ +++ ++ ++ ++
12.5 Nkx2.5 ++ + ++ ++ ++ ++ ++ ++
Actin + + + + + + - -
MLC2a +++ +++ +++ +++ +++ +++ + +
15.5 Nkx2.5 +++ +++ +++ +++ +++ +++ + +
Actin - - - - - - ++ +
MLC2a +++ +++ +++ +++ +++ +++ - -
18.5 | Nkx2.5 +++ +++ +++ +++ +++ +++ - -
Actin - - - - - - T+ +
b

Table 1. a: Sinus venosus myocardial volume estimation of 12 wild type (WT) and 12 podoplanin-/- mouse hearts. In all
stages, mutants have a significant smaller myocardial volume (P<0.05) compared to WT embryos. E: embryonic day,
SD: standard deviation. b: A qualitative overview of the expression of markers at several locations in podoplanin WT
and knockout (KO) embryos. At early stages, the expression of all markers is diminished in mutants compared to the
WT embryos, whereas in advances stages these differences are no longer apparent, indicating delayed differentiation in
mutants. LA: left atrium, PV: pulmonary vein. +++strong, ++medium, +weak, -absent expression.
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E10.5

In the right part of the common atrium, the right and left venous valves delineated the ostia
of the cardinal veins entering the sinus venosus. In both wild type and knockout embryos,
MLC2a was expressed in the sinus venosus and chamber myocardium (Fig.1a,c-e). In the
mesenchyme of the dorsal mesocardium in wild type embryos, the lumen of the primitive
PV was surrounded by a mainly left sided concentration of MLC2a positive myocardium that
stained, however, less markedly for MLC2a compared to the common atrium (Fig.1a,d). In
knockouts, this myocardium was thinner with clearly diminished MLC2a expression in a larger
part in the dorsal mesocardium and left part of the atrial dorsal wall (compare Fig.1d with e).
This diminished expression was seen in the region normally expressing podoplanin (Fig.1b,
Table 1b). In wild types the primitive PV myocardium in the region of the dorsal mesocardium
had mosaic Nkx2.5 expression, defined as a mixture of Nkx2.5 positive and negative cells.
Similar to MLC2a expression, the Nkx2.5 mosaic myocardial cells were mainly situated on the
left side of the dorsal mesocardium (Fig.1f). Moreover, in knockouts, this area was hypoplastic,
showing less Nkx2.5 expressing cells (compare Fig.1f with g).

The alpha-smooth-muscle actin antibody 1A4 was co-expressed in the MLC2a-stained
myocardium of the common atrium and ventricle of the wild type embryos. Similar to MLC2a,
actin expression around the primitive PV and left part of the atrial dorsal wall was weaker
(Fig.1h). In mutants, actin expression was diminished in a larger region compared to the wild
type (Fig.1i).

E12.5

The common PV bifurcated into tiny left and right PVs, covered by a MLC2a positive myocardial
layer which, in contrast to E10.5, could now be observed in equal density on both sides of
the PV (Fig.2a,c). MLC2a expression around the PV was weaker than the expression in the
myocardium of the atria (Fig.2a,c). In the dorsal mesocardium and around the PV Nkx2.5
expression was mosaic, while in the wall of the cardinal veins Nkx2.5 staining was negative
(Fig.2d). In the atrial myocardium of the wild type embryos MLC2a as well as Nkx2.5 were
positive, while smooth muscle actin had almost disappeared, particularly in the LA dorsal wall
(Fig.2e). In the myocardium of the ventricles (not shown) and the wall of the cardinal veins
(Fig.2e) smooth muscle actin was still present. Actin expression in the wall of the PV was more
extensive than the MLC2a expression (Fig.2e).
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Figure 1. Transverse sections of podoplanin wild type (WT,a,b,d,f,h) and knockout (Podoplanin-/-,c,e,g,i) mouse embryos
of stage (E)10.5 comparing the development of the pulmonary vein (PV). Boxed area in a and c are magnified in d and
e. MLC2a expression is seen around the primitive PV on the left side of the dorsal mesocardium (DM) (a,d) where
also podoplanin (b) and mosaic Nkx2.5 expression (f) is seen. Compared to the atrial myocardium (Amyo) the MLC2a
expression at the DM and atrial (A) dorsal wall is weaker corresponding with the expression pattern of alpha-smooth-
muscle actin (aSMA, h), which marks the developing myocardium. In knockouts, a larger region shows less expression
of MLC2a (c,e), Nkx2.5 (g) and aSMA (i), corresponding with altered differentiation rate of myocardium at these regions.
Left cardinal vein (LCV), Lung (L). Scale bars 30pm.
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Figure 2. Transverse sections of podoplanin wild type (WT,a-e,j,k) and knockout (Podoplanin-/-,f-i,|,m) mouse embryos
of stage (E)12.5 comparing the development of the pulmonary vein (PV,a-i), atrial septum (AS,j-m) and left atrial (LA)
dorsal wall (j-m). In WT embryos PV is surrounded by myocardium expressing MLC2a (a,c), podoplanin (b) and mosaic
Nkx2.5 (d) and completely positive for alpha-smooth-muscle actin (aSMA,e). In mutants the expression of these markers
around the PV is almost absent (compare a,c-e with f-i) and myocardium of the LA dorsal wall is hypoplastic (compare
arrow in j,k with I,m). The AS in the knockouts is thin and deficient with a large secondary foramen (k,m). Moreover,
myocardialization process of the AS with the deficient atrioventricular cushion (AVC, compare j with 1) is absent (see
arrowhead in k and m), which might cause an atrioventricular septal defect. Boxed area in a,f,j and | are magnified in c,g,k
and m. Left cardinal vein (LCV), Right atrium (RA), Right cardinal vein (RCV). Scale bars a-i,k,m 30um, j,I 200 pm.

In the podoplanin knockout embryos, MLC2a (Fig.2f,g) and actin positive (Fig.2i) as well
as Nkx2.5 mosaic (Fig.2h) myocardium around the PV was thin and locally even absent
(compare Fig.2a,c with f,g) in a region where podoplanin expression was seen in wild type
embryos (Fig.2b). The LA dorsal wall and the atrial septum were thin and the myocardium was
hypoplastic (compare Fig.2j,k with I,m). The atrial septum showed a large secondary foramen
and myocardialization at the base of the atrial septum was absent (Fig.2k,m). Additionally, the
atrioventricular cushion was not fused properly to the top of the ventricular septum resulting in
a interventricular communication (Fig.2j,I).
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WT E15.5 Podoplanin-/- E15.5

Figure 3. 3-D reconstructions (a-b) and transverse sections (c-j) of podoplanin wild type (WT,a,c,d,g,h) and knockout
(Podoplanin -/-,b,ef,i,j) mouse embryos of stage (E)15.5 showing hypoplasia of atrial septum (AS) and altered smooth
muscle cells (SMC,red) formation in the wall of the common pulmonary vein (PV) and the posterior wall of left atrium
(LA) of the mutants. a and b are a cranial view of the PV orifice into the LA showing the diminished amount of SMCs in
the PV and LA dorsal wall in knockouts. Boxes in ¢ and e are the positions of the enlargements in d and f. Compared to
WT embryos, the MLC2a positive myocardium of the AS, the left cardinal vein (LCV) and the somewhat dilated PVs in
knockouts is hypoplastic with interposition of less mesenchymal tissue (compare c,d with e,f). The myocardium of the wall
of the PV is differentiated and is seen as a myocardial cuff around the PV, which expresses Nkx2.5 (g,i). In WT embryos
SMCs (arrowheads in h) are incorporated into the LA, whereas in knockouts SMCs are almost absent (arrowheads in j).
Mitral valve (MV, yellow), Right atrium lumen (RA, light gray), Right cardinal vein lumen (RCV, light gray), tricuspid valve
(TV, yellow). Color codes: light gray (lumen), dark gray (MLC2a positive myocardium). Scale bars 30um.
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E15.5

In both wild types and knockouts, the myocardium of the atria, the atrial septum and of the wall
of the cardinal and PVs expressed MLC2a (Fig.3a-f). In mutants, the myocardium of the atrial
septum and the PVs was hypoplastic (compare Fig.3c,d with e,f). Moreover, compared to wild
type, the PVs in knockout embryos seemed to be dilated (compare Fig.3c with €). In both wild
type and knockout embryos, the Nkx2.5 mosaic expression in the wall of the pulmonary vein
became overall positive (Fig.3g,i).

In wild type embryos 1A4 co-staining was specifically observed in the MLC2a positive sub-
endothelial layer of the PVs and LA dorsal wall (Fig.3h). In the outer MLC2a positive myocardial
layer of the wall of the PVs, cardinal veins, dorsal atrial wall and the entire atrial myocardium
(not shown) 1A4 staining had disappeared (Fig.3h). In knockout embryos smooth muscle
actin was almost absent in the sub-endothelial layer of the PVs and LA dorsal wall, which still
showed MLC2a staining (compare Fig.3a,h with b j). In areas with 1A4 expression, distribution
of positive cells was discontinuous compared to the wild type embryos (compare Fig.3h with
j)-

E18.5

The common part of the PVs was incorporated into the left atrium. In both wild type and
knockout embryos MLC2a expressing myocardium was seen in the atria and the wall of the
cardinal and PVs, while the myocardium now extended into the lungs (Fig.4a,b). Similar to
previous stages, the myocardium was hypoplastic in knockouts, with dilation of the atria, the
cardinal and PVs (compare Fig.4a,b with c,d). In the dorsal mesocardium less mesenchymal
cells were observed compared to the wild type (compare asterisk in Fig.4 a with b).

In the PV and LA dorsal wall of the wild type embryos, smooth muscle actin was present
between endothelium and MLC2a positive myocardium (Fig.4e). Hence, the 1A4 positive
actin layer was MLC2a negative in contrast to the previous stages (compare Fig.3d,h with
Fig.4c,e). The 1A4 staining at other parts of the heart was absent (not shown), except for the
wall of the cardinal veins and ventricular myocardium. Again, hardly any 1A4 staining was
seen in the sub-endothelial layer of the PV and LA dorsal wall of the podoplanin knockout
embryos (compare Fig.4e with f).
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Figure 4. Transverse sections of podoplanin wild type (WT,a,c,e) and knockout (Podoplanin-/-,b,d,f) mouse embryos of
stage (E) 18.5 comparing the development of pulmonary vein (PV). Sections a-d are stained with MLC2a as myocardial
marker and sections e and f are stained with alpha-smooth-muscle cell actin (aSMA). Boxes in a,b are the positions of
the enlargements in ¢,d. MLC2a expression is seen in WT and mutants in the myocardium of left (LA) and right atrium
(RA), left cardinal vein (LCV) and pulmonary veins (PV) (a,b). In knockouts, these structures are dilated and have
hypoplastic myocardium (arrowheads in a-d) with interposition of less mesenchymal tissue (a,b; asterisks). SMCs are
seen in the sub-endothelial layer of the PV and LA dorsal wall (arrows in e). In the mutants, SMCs are almost absent,
which might be caused by either impaired SMC formation or differentiation due to the lack of podoplanin (compare arrows
in e with f). Mitral valve (MV). Scale bars a,b 200pm; c-f 30pum.
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Discussion

During human development, a vascular lining comprising SMCs and an adventitia will evolve
at the inside of the LA body, that is lined on the outside by atrial myocardium'. Findings
in the current study show a similar phenomenon in the LA of wild type mouse embryos. A
difference between mouse and human specimen concerns the extension of the myocardial
tissue surrounding the PV into the lung. The merits of our current study are that the posterior
heart field plays a role in the addition of not only PV myocardium, but also in the formation and
differentiation of SMCs that line the LA body. We demonstrated hypoplasia of the myocardium
of the PV, LA dorsal wall and the atrial septum in podoplanin knockout mice. The vessel wall
of the PVs and its extension into the LA was underdeveloped in knockout embryos.
Myocardial development

It has been reported earlier that the myocardial sleeve around the PV is formed by either
migration of existing atrial cardiomyocytes', or by recruitment and differentiation of
mesenchymal cells of the splanchnic mesoderm?. The latter supports earlier advances in the
study of cardiac development that underline the relevance of addition of myocardium to the
primary heart tube'. The second heart field® or second lineage*® concerns an anteroposterior
extension of splanchnic mesenchyme from where cells are recruited for addition to both the
arterial pole and the venous pole of the heart. Several studies have been performed using
different lineage markers such as fibroblast growth factor(Fgf)8 and 10, Islet1 (Isl1)> and
Tbx1 and 18''8 to trace these cells into their cardiac destination. Special interest was raised
in markers specific for recruitment of myocardium from the second heart field to the venous
pole of the heart such as Pitx2c®, Nkx2.5%7, Shox2'® and podoplanin’®.

Podoplanin promotes EMT by binding ERM proteins that activate RhoA and by downregulation
of the cell-to-cell adhesion molecule E-cadherin®®. In podoplanin knockout mice E-cadherin is
upregulated causing abnormal EMT which may lead to abnormal formation of myocardium at
the venous pole of the heart®. Thus, the hypoplasia of the myocardium of the wall of the PVs,
atrial septum and LA dorsal wall observed in the current study in podoplanin knockout mice
could be explained by impaired addition of myocardium from the posterior heart field due to
abnormal EMT by lack of podoplanin.

Another explanation for the myocardial hypoplasia in the podoplanin knockouts could be
abnormal epicardial-myocardial interaction. Previously we demonstrated that altered epicardial-
myocardial interaction leads to deficient ventricular myocardial formation in SP3 mutants® as
well as in podoplanin mutant embryos®. In SP3 mutants WT-1 expression, a transcription
factor involved in development of epicardium derived cells (EPDCs)?', was downregulated
and the mutant hearts showed EPDC-related cardiac abnormalities comparable to podoplanin
mutants. The impaired formation of EPDCs and altered epicardial-myocardial interaction,
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resulting in hypoplastic atrial and ventricular myocardium in podoplanin knockouts, has
already been described and related to the deficient contribution of the posterior heart field®22.
Therefore, the hypoplasia of the PVs, atrial septum and LA dorsal wall reported in the current
study could be related to the altered contribution of epicardium and myocardium from the
posterior heart field.

In early stages Nkx2.5 and alpha-smooth-muscle actin (1A4) are expressed in undifferentiated
myocardium. At these stages, Nkx2.5 is mosaic around the PVs and absent in the wall of the
cardinal veins’, whereas actin expression is present in the wall of the pulmonary and cardinal
veins. The Nkx2.5 mosaic expression in the wall of the PVs rapidly becomes completely
positive concomitant with a higher proliferation rate of the PV myocardium compared to the
cardinal veins®. Consequently 1A4 expression from E15.5 on is confined to the medial layer
of the vascular wall of the pulmonary and cardinal veins. These findings suggest that the
pulmonary and cardinal veins have a common precursor derived from the posterior heart
field” but a distinct proliferation® rate accounting for a distinct differentiation based on Nkx2.5
expression.

Expression of markers in putative PV myocardium starts at the left side of the dorsal
mesocardium, indicating that PV myocardium is preferentially added from the left side of the
posterior heart field regulated by progenitor cells that play a role in left-right patterning, as was
reported for Pitx2c®?3%4, Next to hypoplasia, mutants showed diminished expression, that was
predominantly observed in the earlier stages (Table 1a,b). As in later stages these differences
were no longer apparent, this suggests a delayed differentiation of the myocardium and
smooth muscle cells in mutants.

Smooth muscle cell development

The origin of the SMCs at the venous pole is as yet not well understood. SMCs may differentiate
from mesenchymal cells®. At the arterial pole formation and differentiation of SMCs has been
reported from the splanchnic mesoderm or from the neural crest?®. The latter process requires
cross-talk between the endothelial and the muscular component?. DeRuiter and colleagues
have described the formation of the SMCs of the dorsal aorta by transdifferentiation from
endothelial cells?.

Research in this field is complicated as alpha-smooth-muscle actin also stains the primitive
myocardium. We demonstrated that this staining was less extensive in the developing
myocardium of the podoplanin mutant mice, supporting delayed or defective myocardial
differentiation. At the stage that normally alpha-smooth-muscle actin disappears from the
myocardium, only the SMCs retain their expression of this marker. In podoplanin knockout
mice we observed a diminished extension of SMCs in the LA dorsal wall as compared to
normal. This phenomenon may be caused by impaired formation of SMCs from the posterior
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heart field derived dorsal mesocardium or abnormal or delayed differentiation of the SMCs in
the PV and LA body in absence of podoplanin. The disturbed EMT in podoplanin knockouts
probably leads to abnormal formation of SMCs as was shown for the coronary artery SMCs
development in mutant mice®.

In conclusion, as podoplanin is a marker of the myocardial and mesenchymal cells derived
from the second heart field at the venous pole of the heart, this study supports evidence that
the myocardium of the PVs, LA dorsal wall and atrial septum is derived from the posterior
heart field. Moreover, we can state that podoplanin not only plays a role in the development of
myocardium, but also in the formation of the SMCs.

The clinical relevance of our findings needs further research. In the mutants complex atrial
defects were observed. In the majority there was fusion of the primary atrial septum with the AV
cushions, but the secondary foramen was enlarged and the AV cushions did not fuse properly
with the ventricular septum resulting in an AVSD with shunting at the ventricular level. These
findings were described in a previous study®. The study of human and mouse models with
isomerism, atrial arrhythmias and cases with abnormal pulmonary venous return are on their
way. More insight into the variation in myocardial cuffing of the PVs in the human population
might enlighten us on the variability of occurrence of ectopic automaticity in the PV myocardial
sleeve?®, which is suggested by the finding that the length of the PV sleeve corresponds to the
frequency of occurrence of ectopic PV beats as observed in electrophysiological studies??°.
In podoplanin knockout embryos we have observed deficient sinus venosus myocardium with
myocardial discontinuities. Areas lacking myocardium can be regarded as low voltage areas
(comparable to scar tissue) that may form the substrate of reentry circuits. Electrophysiological
testing in mutant mice is necessary to further investigate this hypothesis.
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Chapter 6

Development of the Cardiac Conduction System
and the Possible Relation to Predilection Sites of
Arrhythmogenesis, with Special Emphasis on the Role

of the Posterior Heart Field

Abstract

The cardiac conduction system encompasses a complex system responsible for the
coordinated contraction of the heart. In the developing heart, as well as in the adult heart,
tissues of the (putative) cardiac conduction system are characterized by different properties
compared to the surrounding working myocardium, which can be observed on a histological
level, as well as by the expression patterns of several immunohistochemical and molecular
markers. In recent years, many markers have been discovered that have helped to elucidate
the processes involved in cardiac conduction system development. It has become clear that
multiple genes, cells and their interactions are involved in this complex process. In this chapter,
an overview of the current knowledge on cardiac conduction system development is supplied,
also positioning specifically podoplanin as our gene of interest for this thesis. Furthermore,
several controversies regarding conduction system development are discussed, as well as
the possible significance of embryologic development of the cardiac conduction system for the
development of arrhythmias later in life.
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Introduction

Cardiac arrhythmias are frequently encountered in clinical practice. Clinical mapping studies
demonstrate that arrhythmias are often found at specific anatomical sites. The development
of the heart and the cardiac conduction system cannot be seen as separate entities, but are
closely related (Fig. 1). Therefore, in this chapter cardiac development will be described shortly,
whereafter the development of the cardiac conduction system is addressed. Subsequently,
anatomical predilection sites for the occurrence of clinical arrhythmias will be described in
relation to cardiac conduction system development.

Heart tube

Heart loop

Atrial septation
Ventricular septation
Conduction system
Valve formation
Pulmonary veins
Aortic arch/pulm. art.
Ductus arteriosus
Coronary vasculature

1]
N L U VS LI BV
C-R length in mm i 2-3 35 4567 7-8 9-10 11-14 14-16 17-20 22-24 25-26
Horizons XE X XIEXIV XV XV XVIE XVIIE XIX XX XX
chicken/ mouse: sequence overlap identical

Ovulation in days

Figure 1. Schematic overview of the time span of development of the different cardiac components. Development of the
cardiac conduction system is narrowly related to the development of the cardiac chambers and vascular system.

Short Outline of Cardiac Development

In vertebrates, the heart is the first organ that is formed and becomes functional during early
embryogenesis. For a short description of the cardiac development relevant for understanding
the characteristics of conduction system differentiation the information presented in Chapter
1 can be used. The heart tube is initially attached to the embryonic (non-cardiac) mesoderm
via the dorsal mesocardium, which is disrupted during looping only leaving contact at the
arterial and venous pole. After looping, the heart tube consists of several segments, being
the left and right horn of the sinus venosus, the primitive atrium, the ventricular inlet segment
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and the ventricular outlet segment. These segments are separated by so-called transitional
zones that connect at the inner curvature of the heart (Fig. 2a-c)'. Cardiac septation and the
formation of valves at the right and left AV junctions and in the right and left ventricular outflow
tracts eventually results in the presence of a functional four chambered heart, that directs the
separate systemic and pulmonary circulation of blood.

Figure 2. Schematic representation of the cardiac rings. a. During looping, so-called transitional zones or rings can be
recognised in the heart that are positioned in between the putative cardiac chambers, being the sinoatrial transition
(SAR), the atrioventricular transition (AVR), the primary ring (PR) and the ventriculo-arterial transition (VAR). b,c. Position
of these rings during further cardiac development. AS: aortic sac, PA: primitive atrium, SV: sinus venosus, VIS: ventricular
inlet segment, VOS: ventricular outlet segment.

Development of the Cardiac Conduction System

As mentioned in Chapter 1, the origin of the cells of the cardiac conduction system (CCS)
has been the topic of interest in many studies of the last decade. Retroviral reporter gene
transfection lineage studies have demonstrated that cardiomyocytes are the progenitors
of the cardiac conduction cells in the embryonic heart?. Whether the cardiomyocytes that
form CCS-tissue are derived from the division of differentiated (pre-specified) conduction
cells (“specification-model”), or are recruited from a pool of multipotent (undifferentiated)
cardiomyogenic cells (“recruitment-model”), is however still unclear®. The origin of the CCS is
also viewed by some researchers as myocardium originating from the primary heart tube, in
which the expression of certain genes prevent differentiation of this myocardium to a chamber
working myocardium phenotype. In this theory, this first heart field derived myocardium will
contribute to the CCS, while the chamber myocardium balloons out from the primary heart
tube (the so called Ballooning model)**.
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Studies performed in chick embryos have demonstrated the development of both working
myocardial cells and central and peripheral conduction cells from the same clone, and therefore
strongly indicate that cells of the CCS originate from a common myogenic precursor in the
embryonic tubular heart, i.e. a bipotential myocardial cell population, that is selectively recruited
to the developing cardiac pacemaking and conduction system?¢. However, the mechanisms
that determine the fate of the cardiomyocytes to become either a working myocardial cell or
a cardiac conduction cell, are still unclear. The growth and differentiation factor Neuregulin
can induce cardiomyocytes to a conduction system phenotype, as was demonstrated by
the induction of ectopic CCS-lacZ expression after exposure to Neuregulin’. Furthermore,
changes in electrical activation patterns supporting a critical role of Neuregulin in recruitment
of cardiomyocytes to the cardiac pacemaking and conduction system have been observed.
Recently, an interaction between Endothelin and Neuregulin has been suggested to promote
the differentiation of the murine CCS®. Gassanov et al. describe differentiation of atrial derived
cardiomyocytes to a pacemaker like phenotype induced by Endothelin-1 (but not Neuregulin),
using murine embryonic stem cells expressing enhanced green fluorescent protein (EFGP)
under the transcriptional control of the ANP (atrial natriuretic peptide) promotor®.
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Extracardiac Contributions to the Cardiac Conduction System
Neural crest cells

Neural crest cells migrate to the heart and enter the heart at the arterial and venous pole as
mentioned in Chapter 1. A specific population of neural crest cells entering the heart at the
venous pole can be observed in the vicinity of putative elements of the cardiac conduction
system before they undergo a fate of apoptosis, which has led to the hypothesis that these
cells may indirectly be involved in CCS differentiation®'2. Recent work from Gurjarpadhye et al.
demonstrates that neural crest ablation in chick results in lack of differentiation of the compact
lamellar organisation by the His bundle (that separates it from the working myocardium)s.
Nakamura et al., who also demonstrated the presence of neural crest cells near elements of
the cardiac conduction system in mice, describe that some of these neural crest derived cells
possess glial markers, that are known to be expressed in cells contributing to the electrical
insulation of nerves'.

Epicardium derived cells

The second extracardiac contribution to the heart comes from the epicardium derived cells
(EPDCs). Epicardium formation is initiated by the formation of the proepicardial organ, a
villous structure that protrudes in the pericardial cavity close to the venous pole of the heart™.
As we have indicated that the proepicardial organ is also derived from the posterior heart field,
the true extracardiac origin of the EPDC can be debated'® (Chapter 3 and 7, this thesis).
EPDCs contribute to several cardiac structures, including the coronary arteries, the
atrioventricular valves, the fibrous heart skeleton and the myocardial architecture™. In the
cardiac conduction system, EPDCs are important for the induction of Purkinje fiber formation'®.
The peripheral Purkinje fibers develop from differentiating ventricular cardiomyocytes2, in
close association with both the coronary arteries and EPDCs?'"'8. Inhibition of proepicardial
outgrowth causes Purkinje fiber hypoplasia and abnormal differentiation of Purkinje fibers in
quail embryos'. EPDCs may either be involved in Purkinje fiber development by cooperation
with inducing factors secreted by endothelial and endocardial cells, or by production of
endothelial factors themselves™1°.

In a recent study, both epicardium and EPDCs were found to be expressing periostin, that is
found in colocalization with EPDCs in the atrioventricular valves and fibrous heart skeleton, also
contributing to the annulus fibrosis, that electrically isolates the atria from the ventricles?.
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Histology

Althoughinrecentyears severalimmunohistochemical and molecular markers of the developing
CCS have been identified, the original descriptions of the developing CCS are based on
strictly histological criteria as observed with light microscopy. Thirty years ago Viragh and
Challice have described in great detail the developing CCS in mouse embryos?'-2*, From these
studies it has become clear that areas of putative CCS can be distinguished from the working
myocardium based on histological criteria. In these studies cells of the developing CCS were
characterized by a larger cell size, less developed and reduced number of myofibrils and a
higher glycogen content than working cardiomyocytes.

The earliest sign of a morphologically specialized atrioventricular (AV) conduction pathway
can be observed at embryological day (E) 9-10 in the mouse, and is located at the inner dorsal
wall of the AV canal®. During development this primordial AV node becomes structurally
more compact. At stage E11 the primordia of both the sinoatrial node (in the medio-anterior
wall of the right superior caval vein) and the AV node can clearly be distinguished?. Both
these structures, as well as the AV bundle, develop simultaneously in the mouse heart,
between E11-E12 (5-5.5 weeks in the human). At E13.5, all components of the CCS can be
distinguished, with exception of the Purkinje fibers.

The AV node is connected with the His bundle that is located on the ridge of the interventricular
septum?. The left and right bundle branches extend down the subendocardial layers on both
sides of the interventricular septum.

Insulation of the atrial myocardium from the ventricular myocardium occurs by development of
the annulus fibrosis, that starts out by fusion of sulcus tissue with cushion tissue at the ventricular
site of the AV junctional myocardium and moves the original atrioventricular myocardium to an
atrial position®. At E13-14 connective tissue begins to invade the AV sulcus and histological
separation of the atria from the ventricles is initiated. Also, progressive insulation between the
cells of the CCS and the ventricular working myocardium occurs. These processes however
remain incomplete until birth and continue in the neonatal period?26.

Some authors have described an anterior AV node related to congenital heart disease?%. A
dual origin of the AV node is supported by observations with the marker HNK1 in human?. In
the histological studies by Viragh and Challice also a left sided sinoatrial node was observed
in the medial wall of the left superior caval vein, that eventually became integrated into the
dorsal wall of the left atrium?. A dual sinoatrial node is a condition that has been associated in
humans with right isomerism*°2'. In chapters 2 and 4 of this thesis we provide more insight on
the role of the posterior heart field in the formation of the myocardial Anlage of a transient left
sided sinoatrial node and the definitive right sinoatrial node, suggesting a bilateral development
of the sinoatrial node. Interestingly, the earliest pacemaker in the tubular heart has been
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demonstrated at the site of the left atrium primordium?®. Whether these cells also contribute to
the atrioventricular conduction system, as postulated, remains to be proven.

Another recent study indicates that the transcription factor Pitx2c, involved in left/right
signalling in the heart, suppresses sinus node formation on the left side®, as foetuses that
lack the expression of Pitx2c exhibit right isomerism and form sinus nodes at both the right
and left sinoatrial junction3*-3.

The 4 Ring Theory of CCS Development

Using the same histological criteria as Viragh and Challice to distinguish working myocardium
from myocardium with more specialized features, the observation was made that after looping
of the heart has started, 4 rings of tissue could be distinguished from the surrounding working
myocardium, as described in 1976 by Wenink®. These 4 rings are positioned at the above
described transitional zones of the heart®®, being the sinoatrial ring in between the sinus
venosus segment and the primitive atrium, the atrioventricular ring in between the primitive
atrium and primitive left ventricle, the primary ring or fold that separates the primitive left
ventricle from the primitive right ventricle and the ventriculo-arterial ring at the junction of
the primitive right ventricle with the truncus or putative outflow tract of the heart (Fig. 2a).
At these transitional zones, different staining properties of the myocardium, as well as size
and chromatin distribution of the cells indicated the presence of primitive specialized tissue.
The so-called “ring-theory”, hypothesizes that these 4 rings of “specialized” tissue are the
precursors of the CCS. During further looping of the primitive heart tube these 4 rings come
together in the inner curvature of the heart (Fig. 2b,c), and during further differentiation of the
heart part of the tissue loses its specialized character. What remains of the rings become
the definitive elements of the mature cardiac conduction system. According to this theory
the sinoatrial ring contributes to the formation of the sinoatrial node, both the sinoatrial ring
and atrioventricular ring contribute to the AV-node, and the primary ring gives rise to the
His bundle and bundle branches. This theory has since it's introduction been the subject
of discussion and controversy, which was renewed in recent years after the introduction of
several immunohistochemical and molecular markers for CCS development.

Figure 3. HNK1 expression in the human embryo. Explanation see text. LVV left venous valve, PV: primitive pulmonary
vein, RVV: right venous valve, VCS: superior caval vein. Adapted from: Blom et al?®.
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Immunohistochemical Markers of CCS Development

In the past decades several immunohistochemical markers have been used to study the
developing CCS. Although many of these markers have increased our understanding of CCS
development, a limitation is that none of them are specific for cardiac conduction system
only. In the nineties, the expression pattern of a neurofilament-like protein in the rabbit heart
was used as marker for the developing CCS®*. The presence of neurofilament-like protein
was demonstrated in a ring at the sinoatrial and atrioventricular junctions and in ventricular
components of the developing CCS, which were distributed in the ventricular subendocardium
and connected to the atrioventricular ring®.

Expression of the monoclonal antibody HNK1, originally used as a marker of neural crest
cells during embryologic development, is observed in the sinus venosus myocardium and
in the developing CCS of several species, including rat, chick and human2*441. HNK1
is predominantly expressed in the developing sinoatrial and atrioventricular CCS, and the
expression pattern seems to correspond with the rings described by Wenink. In human
embryos, HNK1 stains the sinoatrial node, the internodal myocardium in the right atrium,
the right atrioventricular ring with the posterior and anterior AV nodes, a retro aortic ring, the
His bundle and the bundle branches. Furthermore, the myocardium surrounding the primitive
pulmonary vein demonstrates transient staining® (Fig. 3).

The neural tissue antigen GIn2, highly homogenous to HNK1, was described to be expressed
in a single ring of tissue at the site of the primary ring in the early embryonic heart, which
changes shape during development as a result of tissue remodelling underlying cardiac
septation. This ring was hypothesized to eventually give rise to the atrioventricular CCS*.
The cell surface carbohydrate PSA-NCAM has been detected in ventricular trabeculae and
the interventricular septum in the chick, in a pattern resembling the bundle branches and
Purkinje fibers*.
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Podoplanin and Posterior Heart Field in CCS Development

In Chapter 2 we described the expression of podoplanin as a coelomic and myocardial marker.
Podoplanin is a 43 kd mucin-type transmembrane glycoprotein that outside the heart is found
in e.g. osteoblasts, the nervous system, epithelia of lung, eye, esophagus and intestine,
mesothelium of the visceral peritoneum, in the podocytes of the kidney and in lymphatic
endothelium*-#7. Expression of podoplanin in the heart indicates this protein as a marker for
developing sinus venosus myocardium derived from the posterior heart field, which contributes
to mesenchyme and myocardium at the venous pole of the primary heart tube (Chapter 3).
Podoplanin is expressed in the coelomic lining (in close contact with the sinoatrial nodal
myocardium) and in the underlying mesenchyme adjacent to the cardinal veins. Podoplanin
positive mesenchyme differentiates into myocardium that stains negative for Nkx2.5 in the
sinoatrial node and in the wall of the cardinal veins. During cardiac development, podoplanin
is expressed, besides in the proepicardial organ and epicardium, in myocardium along the
right and left cardinal vein and in both the right- and left sided sinoatrial node (which persists in
later stages only in the right sided sinoatrial node and part of the venous valves, an expression
pattern opposed to Nkx2.5), the base of the atrial septum, the posterior atrioventricular canal,
the atrioventricular nodal region, the common bundle (His bundle) and moderator band. Also,
during early developmental stages, podoplanin is expressed in the differentiating primitive
myocardium of the wall of the pulmonary veins (Chapter 2) (Fig. 4).

In podoplanin knockout mice, the sinus venosus myocardium is underdeveloped (Chapter 4
and 5). The sinoatrial node and venous valves are hypoplastic, as well as the dorsal atrial wall
and the atrial septum, resulting in a larger secondary foramen. Also the wall of the pulmonary
and cardinal veins are hypoplastic. The myocardium around the wall of the cardinal veins
shows several discontinuities. Furthermore, myocardialization around the pulmonary veins is
diminished and in several areas of the wall of the common pulmonary vein the myocardium
is absent. In the older embryonic stages the medial layer smooth muscle cells in the wall of
the pulmonary vein and left dorsal atrial wall is very thin in the mutants compared to the wild
type embryos. With regard to the CCS abnormalities the hypoplastic sinoatrial node is related
to the diminished contribution of the posterior heart field. The abnormal sinoatrial node in this
model might provide more insight into development of clinical syndromes such as sick sinus
syndrome. Functional experiments are necessary to elucidate this.

In an earlier paragraph of this chapter the role of EDPCs in formation of the Purkinje fibers has
been reported. Podoplanin is involved in the formation of the EPDCs by regulating E-cadherin,
which is an essential epithelial molecule involved in epithelial-mesenchymal transformation*®
(Chapter 3 and 7). In podoplanin mutants, E-cadherin is downregulated leading to an impaired
epithelial-mesenchymal transformation and consequently diminished formation of EPDCs.
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This finding has been linked to abnormal and deficient development of the Purkinje fibers and
results in functional CCS abnormalities™®.

BB

RV =8 2356
A Podoplaiin

<2 z -

Figure 4. Three-dimensional (3-D) reconstructions (a,d,g for color codes see below) and transverse sections (b,c,e,f,h,i)
of an E13.5 wildtype (WT) mouse heart demonstrating podoplanin and Nkx2.5 expression. a. ventral view of a
reconstruction giving an overview of podoplanin expression in various parts of the cardiac conduction system (CCS)
myocardium. Line b indicates podoplanin expression in the sinoatrial node region (SAN) and line c indicates podoplanin
staining around the common pulmonary vein (CPV) corresponding to sections b and c respectively (for details see e
and f). Podoplanin expression is indicated in the SAN, right (RVV) and left (LVV) venous valves, the atrioventricular
nodal region (AVN), common bundle (CB) and bundle branches (BB). d and g: dorsal view of reconstructions showing
respectively podoplanin positive (purple) and Nkx2.5 negative (lime green) areas at the sinus venosus region of the
embryonic heart. Line e demonstrates a dorsal view of podoplanin expression at the SAN and line f demonstrates a
dorsal view of podoplanin expression around the CPV, indicated in sections e and f respectively (boxed area in b and c).
Lines h and i indicate similar regions as lines e and f showing Nkx2.5 negative areas of the SAN (section h) and around
the CPV (marked area in section i). The podoplanin positive area of the sinus venosus region corresponds with the more
extensive Nkx2.5 negative (mosaic) area (compare d with g). AS: atrial septum, LA: left atrium, LCV: left cardinal vein,
LV: left ventricle, RA: right atrium, RCV: right cardinal vein and RV: right ventricle. Colour codes: light brown: myocardium
of the atria, dark brown: myocardium of the ventricles, transparent blue: cardinal veins, pink: pulmonary veins, purple:
podoplanin positive myocardium and lime green: Nkx2.5 negative (mosaic) myocardium. Scale bars: b and c: 200 pym,
e,f,handi: 100 pm.
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Molecular Markers for CCS Development

In recent years extensive study focusing on genetic determinants of cardiac conduction
system formation has evolved. Study of transcription factors involved in cardiogenesis have
made clear that regulation of myocardial differentiation into either a conductional or working
myocardial phenotype is not dependent on a single gene, but is a multifactorial process
during which several factors from different gene families contribute to the formation of the
different subcompartments of this complex system. Molecular markers that have been used
to delineate (elements of) the developing cardiac conduction system include minK-lacZ, CCS-
lacZ, cGATA-6-lacZ, cardiac troponin I-lacZ , GATA-1, the homeodomain transcription factor
Nkx2.5, the recently described Hop and Shox2, Id2, HCN 4 and the T-box transcription factors
Tbx2, Tbx3 and Tbx5. Furthermore, the expression pattern of several connexins in cardiac
tissues has contributed to our understanding of the development and function of the CCS*.
Most of these transcription factors do not function in an autonomic matter, but interact with
other factors, resulting in synergistic or repressing effects. The currently known molecular
markers of CCS development are briefly described under the subheadings below.

The T-box family of transcription factors

In the developing heart the T-box transcription factors Tbx2 and Tbx3 are expressed in
the cardiac inflow tract, the atrioventricular canal, the outflow tract and inner curvature of
the heart. These factors presumably are transcriptional repressors of chamber formation,
as both genes repress the genes Nppa (ANF) and Cx40, present in (e.g.) atrial working
myocardium*%. In general, expression of Tbx2 and Tbx3 is mainly observed in putative slow
conducting areas, but also in the His bundle and the proximal part of the bundle branches.
The expression of Tbx2 decreases from early foetal stages, whereas the expression of Tbx3
increases. In the developing heart expression of Tbx3 is observed in the sinoatrial node,
AV node, but also in internodal myocardium, and in the His bundle and proximal bundle
branches®. Next to expression in part of the putative CCS, Tbx3 expression is also observed
in the atrioventricular cushions. Homozygous Tbx3 mutant mice display a syndrome known in
humans as ulnarmammary syndrome, and display early embryonic mortality, presumably due
to severe compromise of the yolk sac®'.

Recently, the function of Tbx3 in controlling the sinoatrial node gene program has been
described?. Tbx3is expressed in the developing and mature sinoatrial node, and is required
to suppress the expression of genes regulating atrial differentiation. Furthermore, Thx3 can
induce ectopic pacemaker sites in the atria®. The T-box transcription factor Tbx5 is also
expressed in the developing central CCS, including the AV node, AV bundle and bundle
branches, and is needed for correct morphogenesis and maturation of the CCS®. Mice lacking
Thbx5 display a cardiac phenotype that resembles the Holt-Oram syndrome, including atrial
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septal defects and conduction system abnormalities®. ANF and Cx40, both expressed in cells
of the (fast conducting) CCS are gene targets of Tbx5, and Cx40 is abrupted in Tbx5 mutated
mice (Tbx5del/+)%. Tbx18 is expressed in the sinus horns and is most likely essential for
proper formation of the sinus venosus, as in mice deficient for Tbx18, formation of the sinus
venosus is disturbed®.

Homeodomain transcription factors

The homeodomain transcription factor Nkx2.5 is one of the earliest markers of the cardiac
lineage, and is already expressed in the cardiogenic mesoderm?®. During cardiac development
expression of Nkx2.5 correlates with the recruitment of cells to the developing atrioventricular
conduction system®’. During development of the CCS, Nkx2.5 expression is elevated in the
differentiating atrioventricular conduction system, compared to expression in the adjacent
working myocardium. In Nkx2.5 haplo-insufficient mice, there is hypoplasia of the AV node
and His bundle, and the number of peripheral Purkinje fibers is significantly reduced®. Cardiac
phenotypes of mutations in Nkx2.5 in mouse models resemble those in humans and include
conduction defects®®. Nkx2.5 is not expressed in posterior heart field derived myocardium
including the sinoatrial node and the sinus venosus® (Chapter 2).

Furthermore, Nkx2.5 interacts with the Cx40 promoter region, and mice lacking Nkx2.5
demonstrate a significant decrease in Cx40 expression®. Nkx2.5 can form a complex with the
transcription factor Tbx2, that is able to suppress ANF promoter activity in the AV canal, which
may be a mechanism that helps to regulate the sites of chamber formation in the developing
heart®'. Nkx2.5 can also bind to Tbx5, and both are essential components in the activation of
the ANF gene.

The homeodomain transcription factor Msx2, a downstream target of Pax-3/splotch (which is
a key player within early cardiac neural crest development), is expressed in the developing
central CCS but not the peripheral Purkinje fibers, in the chick. However, no abnormalities in
the cardiac conduction have been observed in Msx2 mutant mice®%3.

The homeobox gene Hop is strongly expressed in the AV node, His bundle and bundle
branches of the adult CCS and Hop null mice demonstrate conduction defects below the AV
node, related to decreased expression of Cx40%.

The homeodomain transcription factor Shox2 is expressed in the embryo in the craniofacial
region, limbs, brain and heart®®, In the heart, it can be detected as early as E8.5 in the posterior
region of the primitive heart tube. During further development Shox2 is expressed in the sinus
venosus myocardium, that includes the sinoatrial nodal region and the venous valves, and
expression is also observed in the primitive left and right bundle branches®®. Shox2 knock-
out mice die between 11.5 and 13.5 days post coitum, and show severe hypoplasia of the
sinus venosus myocardium of the posterior heart field, including a decreased size of the
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sinoatrial node region and hypoplastic venous valves. Interestingly, in knockout mice aberrant
expression of Cx40, Cx43 and of Nkx2.5 is observed within the sinoatrial node, indicating
abnormal differentiation of the sinoatrial node, as well as disturbed pacemaker function of the
node in zebrafish embryos®. Given these results, an important function for Shox2 in recruiting
sinus venosus myocardium including the sinoatrial nodal region was hypothesized.

The bicoid related homeodomain transcription factor Pitx2c is involved in directing left-right
identity in the heart at the venous pole®* and is probably involved in suppression of left sided
sinus node formation, as Pitx2c deficient foetuses form sinoatrial nodes in both the right and
left atrium33.

Id family of transcriptional repressors (helix-loop-helix containing transcriptional
repressors)

Recently, conduction system specific expression of Id2 has been described®. The gene Id2,
identified by serial gene expression analysis (SAGE) as having ventricular conduction system
expression, is a downstream target of Tbx5 and Nkx2.5. Specification of the ventricular
cardiac conduction system fails in mice haploinsufficient for both Tbx5 and Nkx 2.5. Id2-/-
mice demonstrate ECG features of abnormal interventricular conduction such as left bundle
branch block in newborn and adult knock-out mice. Furthermore, intracardiac recordings are
consistent with abnormal intraventricular conduction within the bundle branches. Id2-/- mice
display abnormal morphology of the atrioventricular bundle and left bundle branch, similar
to abnormalities observed in adult mice with Tbx5 haplo-insufficienty®”. In situ hybridization
demonstrated that /d2, expressed in the cardiac conduction system in wild type hearts, is
not expressed in compound Tbx5+/-/Nkx2.5+/- hearts, indicating that ventricular cardiac
conduction system specific expression of /d2 is dependent on Nkx2.5 and Tbx5°.

Basic helix-loop-helix (bHLH) transcription factors

Non-expression of the basic helix-loop-helix (bHLH) transcription factor Mesp1 has recently
been reported in the ventricular conduction system?®.

The GATA family of transcription factors/Zinc finger subfamilies

The GATA-family is a relatively small family of transcription factors, and for 3 of the 6 known
vertebrate GATA transcription factors a role in cardiogenesis has been identified: GATA4,
GATAS5 and GATAGE%. Expression of GATA4 is present in both the adult and embryonic heart,
and disruption results in cardiac dysmorphogenesis with early embryonic mortality”. The large
degree of interaction of the different transcription factors is again demonstrated in a recent
study that demonstrated that, next to Tbx3 and Nkx2.5, the Cx40 promoter also is modulated
by the cardiac transcription factor GATA4%. GATA4 is expressed in Purkinje fibers of the
adult chick heart’”'. GATA-5 mRNA is observed in the precardiac mesoderm of the primitive
streak embryo. In the embryonic heart, there is expression of the GATA-5 gene in the atrial
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and ventricular chambers, that during further development becomes restricted to the atrial
endocardium’. Furthermore, cGATAS is expressed in the endocardial cushions and in the
cardiac conduction system, in the sinoatrial node, AV node, bundle of His and left and right
bundle branches’. Interestingly, the GATA5 gene is also expressed in a dynamic fashion over
time in the septum transversum and epicardial organ in the mouse and avian heart, giving
rise to the (GATA5 expressing) epicardium’. The cGATA6 gene enhancer specifically marks
components of the developing atrioventricular CCS and AV node’™7, but not the more distal
components of the CCS. Expression of cGATA6 remains visible in the mature CCS.
MinK/lacZ knock-in/ knock-out

The minK gene (also known as IsK and KCNE1) encodes a 129 amino-acid protein, that
modifies electrical currents in the heart resulting from expression of the genes HERG and
KvLQT176. Mutations in both HERG and KvLQT1, that encode the structural subunits for the
channels involved in the cardiac delayed rectifier currents IKr and IKs, respectively, are the
most common causes of congenital long-QT syndrome (LQTS). Disruption of the minK gene
and integration of the lacZ gene results in R-galactosidase expression under the control of
endogenous minK regulatory elements, which has been used to study the expression pattern
of minKin mice.

Disruption of the minK gene causes inner ear defects and QT interval prolongation in
bradycardic conditions, the combination of which is known as the Jervell-and Lange-Nielsen
syndrome’’. MinK-/- myocytes lack the delayed rectifier current IKs and demonstrate
significantly reduced IKr, which indicates a role of minK in modulating both rectifier currents.
MinK-lacZ is expressed in the developing cardiac conduction system in murine embryos
starting on E8.2578. Expression was observed in discrete rings at the sinoatrial, atrioventricular,
interventricular, and ventriculoarterial junctions, and became during further development more
restricted to e.g. the left en right the atrioventricular rings, the venous valves, and components
of the definitive cardiac conduction tissues. Expression was not observed at the site of the
pulmonary veins.

CCS-lacZ insertional mutation

In 2000, fortuitous insertion of a lacZ gene in the murine genome unexpectedly resulted in
expression of lacZ in the (developing) conduction system of the heart. Although the gene
was originally referred to as “Engrailed2-lacZ’, the transgene is most likely under the
transcriptional control of an unidentified integration site and not by the Engrailed2 regulatory
elements included in the transgene proper. The gene was therefore renamed to cardiac
conduction system (CCS)-lacZ by Fishman et al”. Optical mapping studies performed in murine
embryos demonstrated a clear correlation of electrical activation with CCS-lacZ expressing
areas”"®. Study of the genetic background of CCS-lacZ expression in this model has shown

119



Chapter 6

rearrangement of chromosome 7 between regions D1 and E1 with altered transcription of
multiple genes in the D1 region. The same study indicated that regulatory elements from
the gene SIco3A1 influences CCS-restricted reporter gene expression®. Members of the
Slco family encode for organic anion transporting polypeptides that mediate transport of both
natural substances (such as prostaglandins, bile salts, thyroid, and steroid hormones) as
well as exogenous drugs (including digoxin, angiotensin converting enzyme inhibitors, HMG-
coenzyme A reductase inhibitors, methotrexate, and rifampin) across the cell membrane®'%2,
With the extent of the recombination observed in the CCS-lacZ model it is likely that regulatory
elements from more than one gene may be involved® (Fig. 5).
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Figure 5. Simplified working scheme of the transgenic CCS-lacZ mouse model. The bacterial LacZ reporter gene was
placed under the control of engrailed-2 promoter elements. Random integration of the construct in the mouse genome
resulted in R-galactosidase expression in the cardiac pacemaking and conduction system throughout the heart. Beta-
galactosidase catalyses the conversion from X-gal to 5-bromo-4-chloro-indoxyl, which after non-enzymatic dimerisation
and oxidation is visible as a blue precipitate in the cells in which the reporter gene is expressed. As expression in the
cardiac conduction system was not observed in a number of additional lines of mice harbouring the same transgenic
construct, it is likely that the lacZ expression is under the transcriptional control of an unknown locus at the site of
integration, rather than of the En-2 regulatory elements within the construct. Further study indicated that regulatory
elements from the gene Slco3A1 influence cardiac conduction system-restricted reporter gene expression.
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CCS-lacZ is expressed in all components of the developing cardiac conduction system,
including the right and left venous valves and septum spurium of the sinus venosus (Fig.
6) and putative sinoatrial node, the left and right atrioventricular ring, His bundle, bundle
branches and Purkinje fibers. CCS-lacZ is also expressed in the moderator band of the right
ventricle, Bachmann’s bundle, the retroaortic root bundle and in the myocardial sleeve that
develops around the pulmonary vein, areas related to arrhythmogenesis in adults. Findings
in this model thus supported the hypothesis that the occurrence of cardiac arrhythmias in
the heart is not random, but may be related to persisting, cq reactivated areas of developing
cardiac conduction system?®-8,

Figure 6. Transversal sections at the atrial level of a CCS-lacZ mouse at age E14.5. a,b. Sections at the level of entrance
of the pulmonary vein (arrow head) in the left atrium (a) and through the coronary sinus (b). CCS-lacZ expression is
observed in the right venous valve (RVV), left venous valve (LVV) and septum spurium (SS) of the sinus venosus. c, d.
Details of the boxed areas in a and b, that demonstrate continuity of the CCS-lacZ positive myocardium of the left atrial
dorsal wall with the base of left venous valve of the sinus venosus (asterisk) in the right atrium. Ao: aorta, CS: coronary
sinus, LA: left atrium, PA: pulmonary artery, RA: right atrium, SP: septum primum. Adapted from Jongbloed et al.84.
Scale bars:100 ym.
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CCS-lacZ expression can also be observed in intraluminal endothelial cells, which is
hypothesized to be linked to the secretion of endothelial-derived factors involved in induction of
cardiomyocytes to acquire a conduction system phenotype. Indeed, the endothelial paracrine
factor Neuregulin-1 has been demonstrated to induce ectopic expression of CCS-lacZ and
therefore may play a critical role in recruitment of cells to the CCS’”. Timing of exposure to
the endothelial factors may be crucial, as the inductive effect of Neuregulin in the CCS-lacZ
mouse was restricted to a window of sensitivity between E8.5 and E 10.57.

In the adult mouse heart, using serial sections of CCS-lacZ hearts, Cx40 immunostaining
(marking ventricular CCS cells) could be co-localized with CCS-lacZ transgene expression
in the AV node, His bundle, bundle branches and subendocardial Purkinje fibers along the
interventricular septum®®. In contrast to the developing heart and neonatal heart, in the adult
mouse heart, CCS-lacZ expression can no longer be demonstrated within the sinoatrial
node?.

The hyperpolarization-activated cyclic nucleotide-gated cation (HCN) channel family
Four genes encoding HCN channels have been identified, HCN1, HCN2, HCN3 and HCNA4.
HCN channels carry an inward current, the depolarizing Na/K current If, that underlies
cardiac pacemaker activity. In the adult heart, both HCN2 and HCN4 are expressed. During
development HCN4 is expressed as early as E7.5 in the cardiac crescent®#, Interestingly, in
the early heart tube (E8) expression is observed bilaterally in the sinus venosus, corresponding
to previous optical mapping studies by Kamino et al, and studies in chick by van Mierop et
al.®32%_ Later in development expression of HCN becomes asymmetrical and restricted to the
right atrium, at the site of the developing sinoatrial node®. In the postnatal and adult heart,
HCN4 is highly expressed in the sinoatrial node®®®. HCN4 knockout mice die between E9.5
and E 11.5. As these knockout mice do not display mature pacemaker potentials, it is likely
that HCN4 channels are required for proper pacemaker function of the sinoatrial node®. The
expression pattern of HCN4 overlaps with the expression of markers of the posterior heart
field, such as podoplanin (Chapter 4) and Shox2%. The expression of HCN4 reflects the sinus
venosus myocardium of the posterior heart field, and becomes restricted to the sinoatrial
node®.

The expression of HCN4 in the sinus venosus myocardium at early developmental stages
suggests the presence of conduction tissue at those regions. The HCN4 expression diminishes
during development in the sinus venosus myocardium and concentrates in the left- and right
sided sinoatrial node suggesting the completion of conduction tissue differentiation. However,
both the left-sided sinoatrial node as well as cells around the wall of the pulmonary and
cardinal veins may regain their HCN4 positivity and thus reacquire their pacemaker potential
which may be linked to ectopic automaticity from these sites as can be observed in patients
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with atrial fibrillation®'. The discontinuity or deficiency of the pulmonary venous myocardium,
as was observed in the podoplanin mutants, may form the substrate for re-entry at this site,
which may be important for maintenance of atrial fibrillation once it has been initiated®2.
HCNZ2 is expressed in a broader distribution pattern then HCN4 and includes ventricular
myocardium, but is also moderately expressed in the sinoatrial node®.
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Connexins Expressed in Cardiac Conduction Tissue

Myocardial cells of the heart are electrically connected via gap junctions. Gap junctions consist
of 2 connexons, which are hexamers of transmembrane protein subunits called connexins®,
necessary for electrical and metabolic coupling between cells. In the heart, 4 major connexins
have been identified: Cx40, expressed in fast conducting cardiac tissues and in the atria®,
Cx43, expressed in the slower conducting working myocardium of the atria and ventricles, and
in the distal part of the conduction system*’, Cx45, expressed in slow conducting pathways,
including SA node and AV node and in the myocardium of the primary heart tube®%.
Recently, a novel isoform of connexin has been identified, Cx30.2, that is expressed mainly
in the conduction system of the heart, predominantly in the sinoatrial node, AV node, and AV
bundle®. The latter expression patterns are the patterns as observed in adult mouse hearts.
However, the expression of connexins in the heart is variable between different species, and
also varies during the different stages of development®. A schematic overview of expression
of Cx 40, 43, 45 and 30.2 in the adult mouse heart is provided in (Fig. 7).

Cx40 can be detected starting from E9.5 in the mouse heart, when it is present first in the
primitive atria and primitive left ventricle, later also in the primitive right ventricle, but not
in the AV canal and interventricular septum. During further development, together with the
development of the specialized CCS, expression becomes restricted to atrial myocytes, (but
also appears to be present in the right venous valve of the embryonic sinus venosus), and the
ventricular conduction system®.

In adult species, Cx40 expression has also been demonstrated in the sinus node in rabbit®,
dog'® and human', and in the AV node of several species, including rabbit'®?, mouse® and
rat99,103,104_

Cx40 deficiency results in sinoatrial conduction defects, significant decrease of conduction
velocities in the atria, and conduction delay in the His bundle*®. Cx40 knock-out mice display
an increased incidence of inducible atrial arrhythmias, and significant conduction delay in
infra-His and AV nodal conduction'®1%, Possibly Cx45 compensates partially for the lack of
Cx40 in these mouse models'®.

Cx43 is expressed in an inverse pattern of Cx40, and is first detected in the primitive ventricle
at E9.5 and in the atria at E12.5. At later embryonic stages (E14.5 onward) Cx43 expression
increases and is present in the adult ventricular (working) myocytes''®"'. Cx43 knockout mice
die at birth because of developmental defects in the pulmonary outflow tract, presumably
resulting from defective migration of cardiac neural crest cells to this region'?. Cardiac specific
deletion of Cx43 results in sudden cardiac death from spontaneous ventricular arrhythmias at
2 months postnatal, which indicates an important role for Cx43 for maintenance of electrical
stability in the heart'.
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Cx45 is expressed already in all compartments of the linear heart tube (E8.5), including the
inflow tract, AV canal and outflow tract. Expression of Cx45 decreases throughout development
and in the adult mouse heart Cx45 is present in the AV node, His bundle, and surrounding the
Purkinje fibers®®. Cx45 knockout mice demonstrate conduction block and die of heart failure
at E10"4.

Cx30.2 decelerates the impulse conduction through the AV node and thus contributes to the
slowdown of the impulse propagation through the AV node, which is important in preventing
rapid conduction to the ventricles''®. Mice in which the coding region of Cx30.2 has been
replaced by a lacZ reporter gene demonstrate a shortening of the QT interval by 25%

compared to wild type mice, due to a significantly accelerated conduction above the level of
the His bundle™s.
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Figure 7. Schematic overview of the expression of connexin 40, 43, 45 and 30.2 in the adult mouse heart. The expression
pattern of Cx30.2 largely colocalizes with expression of Cx45 97. avn: atrioventricular node, bb: bundle branches, dr:
distal part of bundle branche, His: His bundle, ivs: interventricular septum, Pf: Purkinje fibers, pr: proximal part of bundle
branch, san: sinoatrial node. Adapted from Miquerol et al*®.

125



Chapter 6

Development of the Embryonic ECG

Therhythmic heartbeat, thatis characterized by sequential contraction of the atria and ventricles,
is coordinated by a complex network of cells throughout the heart, the cardiac pacemaking
and conduction system (CCS). In the adult heart, the slow conducting components of this
system are the sinoatrial node and AV-node; the fast conducting elements are the common
bundle of His, the right and left bundle branches and the peripheral Purkinje fibers.
Peristaltic contraction of the tubular heart can be observed as early as 23 days post conception
(dpc) in human (8.5 dpc in mouse), which results in propulsion of blood from the venous to
the arterial pole of the heart'”. Sequential contraction of atria and ventricles can be observed
as soon as cardiac looping starts, along with the occurrence of a surface ECG. Although a
distinct sinoatrial node primordium can only be detected at E11 in murine hearts?, pacemaker
property is already present in the primitive heart tube in the sinoatrial region at the venous pole
of the heart. Interestingly, the earliest pacemaker has been demonstrated at the site of the
left atrium primordium, and during development shifts toward the right atrial primordium?328,
The change in activation pattern from a base-to-apex to the mature apex-to-base pattern, that
is needed for efficient ejection of blood from the ventricles in the outflow tracts of the heart,
is a consequence of the development of the His-Purkinje system, and reflects the impulse
propagation through this rapidly conducting system. This change initiates before ventricular
septation is completed and is described to be fully accomplished after septation in the majority
of cases?7%'"% Recent data from our group show that septation may not be crucial in this
process, since electrophysiologic experiments demonstrated premature ventricular base
activation to remain present in over half of postseptated embryonic quail hearts till near
hatching stages?.

It is described that the timing of the maturation of the His-Purkinje system may depend on
hemodynamic loading, as pressure overload accelerates the timing of the change to an apex
to base activation pattern, whereas a decreased loading of the embryonic ventricle delays this
conversion in ventricular activation sequence'®. The possible importance of hemodynamics
in conduction system development also seems to be demonstrated by the fact that pressure
overload of the ventricle results in significantly increased expression of endothelin converting
enzyme 1, a precursor of active endothelin which is a shear stress dependent factor involved
in the conversion of working cardiomyocytes into conduction system cells, and Cx40 positive
Purkinje fibers'?'.

In order for the atrioventricular conduction axis to become functional, electrical isolation of the
atria from the ventricles must occur, except at the site of the AV-node/His bundle. However,
a typical electrogram characterised by a p-wave reflecting atrial activation, atrioventricular
delay demonstrated by electrical silence on the ECG and a QRS-complex reflecting
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ventricular activation, can already be recorded from the embryo at early stages, when the
fibrous isolation of the ventricles has not been completed yet (Fig. 8), indicating that functional
isolation between atria and ventricles is present before anatomical isolation of the atria from
the ventricles has been achieved. On the other hand, as mentioned above, due to persistent
accessory myocardial continuities between atrium and ventricle, premature activation of the
ventricles can remain present even after septation?. In the quail heart, left sided accessory
pathways were less frequently encountered than right sided pathways, which suggests
a developmental time difference in completion of left and right AV ring isolation?®, which is
consistent with the relative late development of the right ventricular inlet®.
Neural crest cells may also play an important role in the maturation of cardiac conduction, as
neural crest ablation in chick results in lack of differentiation of a compact lamellar organisation
by the His bundle and of (electrical) isolation from the working myocardium, and in failure of
the conduction system the covert to a mature apex to base activation pattern'®. The role of
neural crest cells may largely be inductive, as neural crest cells are present near elements of
the cardiac conduction system during a critical time span before they undergo a process of
apoptosis™®.
Next, EPDCs also may play an important role in atrioventricular isolation. EPDCs colocalize with
periostin in the fibrous heart skeleton, which has been suggested to induce the transformation
of myocardium into mesenchyme and in later stages fibrous tissue?*'22123, Disturbance of EPDC
formation by proepicardial outgrowth inhibition results in reduced periostin expression in the
endocardial cushions and atrioventricular junction, indicating that EPDCs are local producers
of periostin'”20.12¢, Reduced expression of periostin results in disturbed development of fibrous
tissue at the atrioventricular junction and in persistent atrioventricular myocardial connections,
resulting in ventricular pre-excitations20:125,
103 ms
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Figure 8. ECG recording of a murine embryo aged 10.5 days. The cardiac activation is characterised by 2 deflections
representing atrial (A) and ventricular (V) activation, separated by a delay (103 ms).
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Semantic Issues Regarding the Definition of Cardiac Conduction

System

Over the years, several controversies regarding semantics and different applications of
definitions have elicited strenuous discussions between researchers in the field of cardiac
anatomy and development. One of these issues regards the question whether it is justified
to name the tissues in the embryonic heart that are responsible for the embryonic ECG
conduction tissue'?.

Discussions about the definitions of the adult conduction system have already in 1910 led
Aschoff and Monckeberg to describe 3 prerequisites that must apply to tissues in order to
be designated “cardiac conduction tissue”. These criteria are 1) cells should be histologically
distinct, 2) cells should be able to be followed from section to section in serially prepared
tissues and 3) the specialised cells should be insulated from the working myocardium by
sheets of fibrous tissue'?"'2. However, these criteria are not always compelling, as not all 3
criteria apply to all components of the CCS, such as the tissues of the sinoatrial and AV node,
tissues that are generally accepted to be part of the cardiac pacemaking and conducting
system.

Also, these adult criteria do not seem to apply to the developing cardiac conduction system
since the embryonic heart already demonstrates sequential contraction of atria and ventricles
regulating blood flow, concomitant with a mature surface ECG, well before the criteria of
Aschoff and Monckeberg apply to these tissues.

Furthermore, several molecular markers and functional criteria are now available that help
distinguish working myocardium from myocardium that displays a more specialized phenotype,
before fibrous insulation is achieved.

Throughout this chapter when referred to the developing cardiac conduction system, the entire
cardiac pacemaking and conduction system is meant, which thus means not only the nodal
tissues, nor only the fast conduction tissues, but the entire network of nodes, tracts and fibers
responsible for the coordinated, and in some cases, uncoordinated contraction of the heart,
that is reflected by the electrical registration on the surface ECG.
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Development of the Cardiac Conduction System in Relation to

Putative Sites of Clinical Arrhythmias

It is well known from electrophysiological studies that the occurrence of clinical arrhythmias
is related to anatomical predilection sites. Clinical mapping studies have demonstrated that
ectopic pacemaker foci are preferentially encountered in specific parts of the right and left
atrium. In the right atrium foci are often encountered in sinus venosus related areas, such as
the crista terminalis’?®'3°, a structure related to the initiation/perpetuation of atrial flutter; and
the ostia of the caval veins®' and coronary sinus'? as initiators of clinical arrhythmias. In the
left atrium atrial fibrillation has been attributed to arrhythmogenic foci that originate from the
pulmonary veins®'. Furthermore, the interatrial bundle of Bachmann and accessory pathways,
such as present in Wolf-Parkinson White (WPW) syndrome and Mahaim tachycardia, are
anatomical structures important in cardiac conduction and arrhythmogenesis'3*'34. Moreover,
it has been demonstrated that the myocardium at the atrioventricular junction itself has
specialized properties, and arrhythmias originating from both the tricuspid and mitral junction
have been described'®>'%, The question therefore arises why these structures, which do not
belong to the mature cardiac conduction system, are able to generate or sustain arrhythmias.
An answer to this question may be found in the embryonic development of the cardiac
conduction system. In the following paragraphs specific anatomical sites that are related to
arrhythmogenesis in human are described.

Internodal pathways

One of the areas of controversy over the last decades, lasting now for almost a century, is the
existence of functional internodal tracts. These internodal tracts have been described to run in
the right atrium in between the sinoatrial node and the AV node™. The pathways as originally
described by James consist of 3 cellular tracts, distinguishable from the atrial myocardium
based on histological study of atrial sections (stained mostly with Goldner Trichome): a posterior
pathway along the crista terminalis, an anterior pathway which continues to the left atrium via
Bachmann’s bundle, and a medial pathway that runs in the interatrial septum. Specialized
Purkinje-like and transitional cells could be demonstrated in these three pathways'"'*. In the
embryonic heart, internodal tracts have been distinguished from the atrial myocardium based
on the expression pattern of the immunological marker HNK1%. In this study, HNK1 was
detected in the right venous valve (the putative crista terminalis that will form the boundary
between the trabeculated and smooth walled myocardium of the right atrium), corresponding
to the posterior pathway as described by James; in the left venous valve, that in humans
becomes incorporated in the interatrial septum; and in an anterior pathway consisting of the
septum spurium (the fused anterior right and left venous valves), that could be followed towards
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the left atrium in a retro-aortic position'*°. Recent data of molecular studies also indicate that
the embryological sinus venosus is molecularly distinct from the surrounding working atrial
myocardium, as similar patterns of expression are observed with the molecular marker CCS-
lacZ, MinK-lacZ and Shox266788, As mentioned earlier, targeted mutation of the Shox2 gene
results in severe hypoplasia of the sinus venosus myocardium, including the sinoatrial nodal
region and the venous valves®®.

Although tracts with different histological, immunohistochemical and molecular characteristics
thus can be distinguished in the atria, the functionality of these tracts is yet to be determined.
Results of several studies have suggested preferential spread of atrial activation in a
fashion that may correspond to these pathways. For instance, optical mapping studies have
demonstrated a non-radial spread of intra-atrial conduction in the rat, and the recorded
conduction patterns were preferential in a pattern corresponding to the posterior and anterior
pathways as described by James™'. However, whether this preferential conduction in the
atria, as is observed in these regions, is due to the presence of specialized cells, or is merely
an anisotropic organisation of tissue'? remains to be determined. Studies in 1966 and 1967
have demonstrated that the administration of elevated levels of potassium induced electrical
quiescence of the atrial myocardium, with the exception of cells specifically localized in the
areas corresponding the internodal pathways'®'4. More recently, Racker demonstrated 3
bundles with unique potential and conduction capacities in dogs, that run in between the
sinoatrial and AV node, supporting the presence of specialized properties of cells in these
areas™®.
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Pulmonary Veins

Since arrhythmogenic capacities have been attributed to the pulmonary veins, these
structures have become an important subject of interest, both for those working in the clinical
field of electrophysiology, and for those working in basic science. In the following sections
a short overview of morphological, molecular and electrophysiological data in relation to
the controversial presence of specialized myocardium at the site of the pulmonary veins is
provided.

Myocardialization of the pulmonary veins: development of a myocardial sleeve

The arrhythmogenic capacities of the pulmonary veins have been attributed to sleeves of
myocardium that surround the pulmonary veins. Anatomical studies describe in detail the
length and thickness of the veins'*¢'#"_ In general, the myocardial sleeves surrounding the left
superior pulmonary vein are the longest, whereas the sleeves surrounding the right inferior
pulmonary vein are shorter, and in some cases absent'“®. These data correspond with the
frequency of ectopic foci encountered in clinical mapping studies®'.

The mechanisms of the development of the myocardial sleeves of the pulmonary veins is
unresolved. The sleeves could develop due to a process of myocardialization, i.e. growth of
existing cardiomyocytes into mesenchyme, or migration of myocardial cells from the sinoatrial
region (now referred to as the posterior heart field) to the pulmonary veins'8. Although this
mechanism may underlie the process of myocardialization of the coronary veins'®, a process
of recruitment and differentiation of cells from the mediastinal mesocardium (the posterior
heart field) into cardiomyocytes seems the most likely mechanism behind the second wave of
myocardialization responsible for the myocardium formation at the sites of the systemic and
pulmonary veins®®#+150-152 (Chapter 2 and 4). In the mouse, this secondary myocardialization
of the pulmonary veins has been observed starting at E12.58148.150,

In mouse models where markers of the posterior heart field are deficient, myocardialization
of the pulmonary veins is disturbed, as is observed in Pitx2c'' and podoplanin deficient
mice (Chapter 4 and 5). In the latter model the formation and differentiation of the smooth
muscle cells of the wall of the common pulmonary vein and left atrium is also disturbed, which
indicates a major role for the posterior heart field not only in the myocardialization process of
the pulmonary vein but also in the development of the smooth muscle cells at the venous pole
of the heart (Chapter 5).

An interesting question is why these myocardial sleeves possess specialized capacities
responsible for the ectopic beats initiating and sustaining clinical tachycardias®'®. The
next sections describe the results of several morphological and electrophysiological studies
that support the presence of specialized characteristics of the myocardium surrounding the
pulmonary veins.
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Morphological studies indicative for the presence of specialized conduction cells in the
pulmonary veins

Already in 1874, attention was drawn to possible independent pacemaking activity of the
pulmonary veins by Brunton & Fayrer, who observed independent pulsation of the pulmonary
veins in the otherwise mechanical silent hearts of rabbits and cats®. In 1986, Masani studied
the structure of the myocardial layer surrounding the pulmonary veins in rats, and was able
to demonstrate the presence of cells with clear cytoplasm, few myofibrils and round or oval
mitochondria, that resembled sinus node pacemaker cells'.

More recently, Perez-Lugones et al. have identified the presence of P cells, transitional cells
and Purkinje cells in human pulmonary veins'®. Interestingly, these cells were mainly found in
the pulmonary veins of subjects with atrial fibrillation.

It has been hypothesized that deterioration or destruction of the primary pacemaker results
in an atrial rhythm originating from these ectopic nodal foci’®”. Next to the pulmonary veins,
cells resembling cardiac conduction cells have also been identified in the Eustachian ridge of
cats'® and in Bachmann’s bundle in dogs'®.

Electrophysiological studies performed in pulmonary veins

Several studies demonstrated distinct electrophysiological capacities of pulmonary veins as
compared to the atria'®'®". A greater degree of decremental conduction and shorter effective
refractory periods have been observed in the myocardial sleeves of the pulmonary veins as
compared to the myocardium of the atrium in patients with paroxysmal atrial fibrillation62163,
Pulmonary venous cardiomyocytes have distinct electrophysiological properties compared to
cardiomyocytes in the left atrium, with a reduced resting membrane potential, action potential
amplitude, a smaller phase 0 upstroke velocity and a shorter duration of the action potential™®.
In accordance with these findings, it has been demonstrated that the myocardium surrounding
pulmonary veins has different ionic current properties in comparison to the left atrium. The
inward-rectifier current is smaller, whereas the delayed rectifier currents are larger in the
pulmonary vein than in the left atrium™®. These results are supported by a study of Chen et al.,
who distinguished 76% pacemaker cardiomyocytes and 24% non-pacemaker cardiomyocytes
in pulmonary veins, with distinct action potentials and ionic current properties'®".

The exact mechanism of the contribution of the pulmonary veins to arrhythmogenicity is still
unresolved. Independent spontaneous pacemaker activity has been demonstrated in the
pulmonary veins of guineas-pigs, rabbits and cat'®*. More recent reports also support abnormal
automaticity or enhanced pacemaker activity in the pulmonary veins, with or without infusion of
medication or pacing manoeuvres'®1%¢_Furthermore, independent atrial fibrillation has been
demonstrated in the pulmonary veins'®®. Moreover, enhanced triggered after-depolarisations,
sometimes in combination with spontaneous activity, has been supposed as the mechanism
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responsible for the arrhythmogenicity of the pulmonary veins'"%-73,

The anisotropic arrangement of the myocardium may form the substrate for re-entry at this
site, which may be important for maintenance of the arrhythmia once it has been initiated®.
The cellular properties of the pulmonary venous cardiomyocytes mentioned above including
reduced resting membrane potential, action potential amplitude, a smaller phase 0 upstroke
velocity and a shorter duration of the action potential, resulting in shorter refractoriness and
slowed conduction, favour the occurrence of re-entry!59.168.174.175,

Molecular markers expressed in pulmonary veins

In accordance with findings of different electrophysiological properties of the pulmonary
venous myocardium, differences in ion channel subunit expression have been observed in
the pulmonary veins compared to the left atrial free wall. These differences include a greater
abundance of the rapid delayed-rectifier a-subunit HERG, and of the slow delayed-rectifier
a subunit KvLQT1, and lower abundance of the inward-rectifier subunit Kir2.3, which may
underlie the differences in ionic currents observed between pulmonary veins and left atrial
cardiomyocytes'".

The molecular marker CCS-lacZ is expressed in the left atrial myocardium surrounding the
entrance of the primitive pulmonary vein in early developmental stages (Fig. 9a,b). At later
stages, a myocardial sleeve develops surrounding the pulmonary veins (Fig. 9c). Interestingly,
this sleeve demonstrates marked CCS-lacZ expression®. Podoplanin is expressed in the
pulmonary veins in a pattern complementary to CCS-lacZ. In contrast to atrial myocardium,
that strongly expresses Nkx2.5, Nkx2.5 is initially expressed in an only mosaic pattern in the
pulmonary veins (Chapters 2, 4 and 5) (Fig. 4), and this area eventually becomes completely
Nkx2.5 positive.

Recently, Gudblartsson et al. have reported a strong association between the occurrence of
atrial fibrillation and 2 sequence variants on chromosome 4q25. Interestingly, both variants
are located in the genome adjacent to Pitx2c'"?, that is highly expressed in the posterior heart
field on the left side, surrounding the pulmonary vein prior to and during formation of the
pulmonary myocardium and later becomes confined to the pulmonary myocardium?.15".178,
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Chapter 6

AV Junction - Accessory Pathways / Mahaim Fibers

In early embryonic stages, atrial and ventricular myocardium is continuous through the
myocardium of the atrioventricular (AV) canal. In normal adult cardiac conduction, the
AV conduction axis is the only functional atrioventricular conduction tract. AV re-entrant
tachycardias are based on the presence of accessory myocardial bundles connecting atrial
and ventricular tissue, thus bypassing the insulating function of the AV-groove. The most well
known is the bundle of Kent, present in the Wolf-Parkinson White (WPW) syndrome'”®. As was
demonstrated in chick, accessory atrioventricular myocardial continuities may persist in the
embryo till late stages, causing premature activation of the ventricles even after septation?.
Moreover, several arrhythmias have been described in literature that originate from the
tricuspid and mitral junction®'3%. AV junctional cells surrounding both the tricuspid and mitral
annuli resemble nodal cells in their cellular electrophysiology'®.

A special form of re-entrant tachycardia is Mahaim tachycardia, during which antidromic
re-entrant tachycardia occurs over an accessory bundle with AV node like conduction
properties. The proximal insertion often localized to the lateral, anterolateral or posterolateral
tricuspid annulus and distal insertion into the right ventricular free wall or the right bundle
branch'®'. To date there are two mouse models for WPW syndrome. Mutations in the gene
PRKAG2Z2 (that encodes the gamma-2 subunit of the AMP-activated protein kinase) have
been observed in patients with WPW-syndrome'2. Mice that carry a mutation in the PRKAG2
gene display ventricular pre-excitation and a phenotype identical to humans with a familial
form of ventricular pre-excitation'®. Patel et al. demonstrated the postnatal development of
myocardial connections through the annulus fibrosus of the AV valves in mice over-expressing
the PRKAG2 mutation®. The findings in these models seem to be associated with cardiac
hypertrophy, accumulation of excessive amounts of cardiac glycogen, and disruption of the
annulus fibrosus by glycogen filled cardiomyocytes®.

Furthermore, specific deletion in the AV canal of the gene ALK3, coding for the type 1a receptor
for bone morphogenetic proteins in the AV canal during development, causes ventricular pre-
excitation, indicating an important role of this gene in proper AV junction development'e&187,
As was mentioned earlier, epicardial inhibition studies demonstrate reduced periostin
expression at the atrioventricular junction, resulting in disturbed development of fibrous tissue
at the atrioventricular junction, persistent atrioventricular myocardial connections with resulting
ventricular pre-excitation, which may be an mechanism explaining WPW-syndrome?20:125,
Data derived from the CCS-lacZ mouse demonstrate that the occurrence of Mahaim fibers may
be related to the embryonic development of the right ventricular inflow tract. The development
of the right atrial/right ventricular connection and concomitant outgrowth of the right ventricle,
results in a division of the CCS-lacZ positive tissue of the primary fold that originally separated

134



Posterior Heart Field and Cardiac Conduction System

the primitive left and right ventricles. This division results in the development of the right
ventricular moderator band (Fig. 9c), that forms a right sided AV continuity, conform a Mahaim
fiber. Electrophysiological experiments supported the presence of a conducting right sided AV
pathway®.

Figure 9. CCS-lacZ expression at the site of the developing pulmonary veins. a. Transverse section of an E10.5 murine
embryo, at the level of entrance of the primitive pulmonary vein (arrow), which at this stage does not demonstrate CCS-
lacZ staining. b. Dorsal view of a 3-D reconstruction of the same embryo. Ventricular myocardium, branchial arch arteries
and cardinal veins are transparent. Color-codes: yellow: lumen of the common atrium and the primitive pulmonary vein
(PPV), red: lumen of the common ventricle, Blue: CCS-lacZ positive myocardium. The arrow points at the primitive
pulmonary vein. c. Transverse section of an E13.5 embryo, which now shows marked CCS-lacZ expression of the
myocardium surrounding the pulmonary vein (arrow). Marked staining is also visible in the right ventricular moderator
band (MB). Abbreviations: AVC: atrioventricular canal, LA: left atrium, LV: left ventricle, LVV: left venous valve, PA:
primitive atrium, PF: primary fold, RA: right atrium, RV: right ventricle, RVV: right venous valve, SS: septum spurium, VIS:
ventricular inlet segment, VOS: ventricular outlet segment. Scale bars: a: 100 pm, ¢: 200 pm.
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Chapter 6

Conclusion

Although the exact mechanisms of cardiac conduction system development are still to be
unravelled, it has become clear that the development of the cardiac conduction system is
a multifactorial process, in which multiple factors are involved and interact. Based on the
expression patterns of several known markers the developing conduction system seems
to be more extensive than the definitive adult cardiac conduction system. Furthermore,
areas of “primitive” conduction system correlate with predilection sites for the occurrence
of clinical arrhythmias in adults. We hypothesize that either embryonic remnants, or the re-
expression of an embryonic phenotype may explain this correlation. The processes that
induce cardiomyocytes to acquire a cardiac conduction phenotype have not been elucidated.
Recent data support a contribution of cells from the posterior heart field to the formation of the
cardiac conduction system.
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Chapter 7

Transcription Factor Sp3 knockout mice display
serious cardiac malformations

Abstract

Mice lacking the zinc finger transcription factor Specificity protein 3 (Sp3) die prenatally in the
C57BI/6 background. To elucidate the cause of mortality we analyzed the potential role of Sp3
in embryonic heart development. Sp3 null hearts display defective looping at E10.5, and at
E14.5 the Sp3 null mutants have developed a range of severe cardiac malformations. In an
attempt to position Sp3 in the cardiac developmental hierarchy, we analysed the expression
patterns of >15 marker genes in Sp3 null hearts. Expression of Cardiac ankyrin repeat protein
(Carp) was downregulated prematurely after E12.5, while expression of the other marker
genes was not affected. ChlP analysis revealed that Sp3 is bound to the Carp promoter region
in vivo. Microarray analysis indicates that small molecule metabolism and cell-cell interactions
are the most significantly affected biological processes in E12.5 Sp3 null myocardium. Since
the epicardium showed distension from the myocardium, we studied expression of Wt1, a
marker for epicardial cells. Wt1 expression was diminished in epicardium-derived cells in
the myocardium of Sp3 null hearts. We conclude that Sp3 is required for normal cardiac
development, and suggest that it has a crucial role in myocardial differentiation.
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Introduction

Sp3 is a member of the Sp/KLF (specificity protein/Krippel-like factor) transcription factor
family, which is characterized by three conserved Cys2 - His2 zinc fingers located in the
C-terminus of the proteins’. The three fingers form the DNA-binding domain recognizing the
GC-(ggGGCGGgg) box and the related GT-(ggGGTGTgg) box, in the regulatory regions of
many housekeeping- and tissue-specific genes. The Sp-subclass members Sp1, Sp3and Sp4
bind with the same specificity and affinity to GC- and GT-boxes and contain two glutamine-rich
activation domains in their N-terminus. Sp1 and Sp3 are widely expressed, whereas Sp4 is
most prominently expressed in neuronal tissues?3. Sp1-/-embryos are severely growth retarded
and die after E10.5* Although Sp3is similar to Sp1 in terms of expression pattern and protein
sequence, its biological function is different from that of Sp1. In a mixed genetic background of
C57BL/6 and 129/0Ola, Sp3-/- mice die invariably immediately after birth®, which could be result
of respiratory failure. However, only minor morphological abnormalities were observed in Sp3-
/- lungs, and the expression of essential lung-specific genes, such as surfactant proteins,
is unaltered®. Sp3-/- fetuses have a defect in tooth development, reflected by the absence
of ameloblast-specific transcripts, and impaired skeletal ossification®. Furthermore, absence
of Sp3 results in cell-autonomous differentiation defects in the erythroid- and myeloid cell
lineages, indicating that Sp3 also has a function in hematopoiesis’. Sp4-/- mice have initially a
reduced body weight and display an increased incidence of early postnatal mortality®®, related
to disturbed function of the cardiac conduction system™.

We found that Sp3-/- fetuses in the C57BL/6 background display a high prenatal mortality
rate. The majority of these fetuses die in utero before E18.5, suggesting that lung failure is not
the main cause of the previously described immediate postnatal lethality of Sp3-/- fetuses®.
Congenital heart defects are a common cause of pre- and perinatal mortality. Early during
embryogenesis, cells of the lateral mesoderm become committed to the cardiac fate and start
to express cardiac-specific genes'. The newly formed cardiac cells assemble into a beating
linear heart tube that undergoes rightward looping. This process is essential to position the
in- and outflow tracts in close proximity to the developing four heart chambers that acquire
their own specific morphological characteristics. A complex transcriptional network controls
these processes™ 2.

To investigate the potential cause of the high prenatal mortality rate of Sp3-/- fetuses we
performed a detailed morphological study of heart development combined with a study of
the expression of over 15 cardiac marker genes in the Sp3 null hearts at different stages of
development, and microarray analysis of gene expression at E12.5. Collectively, our results
demonstrate that Sp3 is required for normal cardiac development, and suggest a crucial role
for Sp3 in myocardial differentiation, possibly resulting from disturbed cell-cell interactions.
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Materials and methods

Mice

Sp3+/- mice were bred for more than 10 generations to C57BL/6 mice. Embryos were derived
from timed matings of Sp3+/- x Sp3+/- mice. Genotyping was performed by PCR5. E9.5-E14.5
embryos were immersion-fixed in a 4% paraformaldehyde (PFA) solution in PBS at 40C
overnight, E16.5 fetuses were first perfused with the PFA solution via the liver, and then
immersion-fixed at 40C overnight. The embryos were embedded in paraffin and transverse
serial sections (5 ym) were made.

In situ hybridization

Probes for Tgf31, TgfB2 and TgfB3 have been described'; the probe for Mic2v was a gift from
A.F. Moorman. Other probe sequences were generated via PCR and subsequently cloned
using the pGEM-T-Easy vector system | A1360 (Promega, Madison, WI), and sequenced.
Riboprobes were labeled with 35S-UTP (SJ603, 1000 Ci/mmol) (Amersham, Little Chalfont,
UK) and hybridization was performed as described previously'. PCR primers used to generate

the probes:
Anf 5’- GACAGCAAACATCAGATCGT-3’ (sensels)
5-CTCTGGGCTCCAATCCTGTC-3’ (antisense/as) 461bp fragment
Carp 5-AGGAGCTGGTAACAGGCAAA-3’ (s)
5-TTCAGGACATCTGCGTTTCC-3’ (as) 489 bp fragment;
eHAND 5-TGCAACTACCCACTAGGATC-3’ (s)
5-TTCAGCAACGAATGGGAACG-3’ (as) 579 bp fragment;
Gatad 5-AATGCCTGTGGCCTCTATCA-3’ (s)
5-CGCTGATTACGCGGTGATTA-3’ (as) 621 bp fragment;
Gatab 5-GACTTTGCCTTCACCTCCT-3’ (s)
5-AGTCCTGCGTCTGTAAGCAA-3 (as) 541 bp fragment;
Irx4 5-ATGCTGGCAAAGACGACAAG-3’ (s)
5-GGTGGCCCAGGCCTGGTTCA-3’ (as) 623 bp fragment;
Mic2a 5-GCACAACGTGGCTCTTCTAA-3’ (s)
5-GTGGGTGATGATGTAGCAGA-3’ (as) 455 bp fragment;
Sp3 5-TTGGCTTCTGCACAGTTAGG-3’ (s)
5-CATTGTCTGAGAACTTCCCG-3 570 bp fragment;
Tbx5 5-AAGACACCTTCTATCGCTCG-3’ (s)
5-TATTCTCACTCCACTCTGGC-3’ (as) 504 bp fragment.

Immunohistochemistry
The following primary antibodies were used: actin HHF35 (Dako, Glostrup, DK); Mic2a (a kind
gift from S.W. Kubalak); and Nkx2.5 (sc-8697); Sp3 (sc-13018); Wt1 (sc-192) and E-cadherin
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(SC-7870) (all from Santa Cruz Biotechnology, Santa Cruz, CA). As secondary antibodies we
used: biotinylated goat-anti-rabbit BA-1000 for Mic2a, Sp3, Wt1 and E-cadherin; biotinylated
rabbit-anti-goat PK-6105 (Vector Laboratories, Burlingame, CA) for Nkx2.5; and for actin
rabbit-anti-mouse P0260 (Dako, Glostrup, DK), goat-anti-rabbit and rabbit peroxidase anti-
peroxidase (Nordic Immunological Laboratories, Tilburg, NL). The Vectastain ABC kit HRP
PK6100 (Vector Laboratories, Burlingame, CA) was used as the third step for biotinylated
secondary antibodies. For visualization, sections were incubated with 400 ug/ml DAB (3-3’
diaminobenzidine tetrahydrocholoride, D5637) (Sigma-Aldrich, St. Louis, MO) in 0.05 mM
Tris-maleate buffer, pH 7.6 and finally counterstained with Mayer’s hematoxylin.
Morphometry and 3-D reconstruction

Myocardial sampling and volume estimation of 15 WT and 16 Sp3-/- hearts was performed
as described. For the study of looping, micrographs were made of E10.5 Sp3+/+ and Sp3-
/- hearts. The 3-D reconstructions were made as described'® using the AMIRATM software
package (Template Graphics Software, San Diego, CA). Statistical analysis was performed
with independent sample t-test using the SPSS 11.0 software program (SPSS Inc, Chicago,
IL).

Gel retardation analysis

The sequences of the oligonucleotides used are (the sense strand is given):

C1 5’-ACCCCTGCCCCCACCAGTGGC-3’

C2 5-TAAGAACCCCCACCCCACTTCA-3’

C3 5-TTCGCTCCACCCACGATGCGT-3

C4 5-TTGGCTCCACCCATAAGAAGC-3’

C5 5-ACCTTTCCCCACCCAGGTGAT-3’

Sp 5-TTATGGGCGGAGTTAGGGGCGGGACTAT-3’

Samples were incubated for 30 min at room temperature, loaded on a 4% polyacrylamide /
0.5xTBE gel and run at 250 V for 2 hrs at room temperature. Antibodies against Sp1 and Sp3
were used at 1:16 dilution in the binding reactions5. Nuclear protein isolation was performed
as described"’.

ChIP assays

Hearts were isolated from E14.5 WT embryos, and collected in Dulbecco’s modified Eagle’s
medium (DMEM) containing 10% fetal calf serum followed by homogenization with a 1 ml
glass homogenizer, pestle B. ChIP was performed as described® using either Sp3 (sc-644),
Nkx2.5 (sc-8697) or pre-immune IgG antibody (all from Santa Cruz Biotechnology, Santa
Cruz, CA). PCR was performed on an MJ research Opticon 2 PCR machine , using SYBR
green to measure amplification products (Bio-Rad Laboratories, Hercules, CA). Primers used
detect the upstream region of the Carp promoter (5-ATCACCTGGGTGGGGAAAGGT-3’
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and 5-TTGGCTCCACCCATAAGAAGC-3’), or an area of the GataZ? gene that is not
though to interact with either Sp3 or Nkx2.5 (5-CCGGGCAGATAACGATTGG-3' and
5-TTCATCTCGGCCGGCTAAT-3’). The enrichment of Carp sequences was calculated relative
to the amplification efficiency of the Gata2 sequences, normalized to the ratio observed before
the ChIP reactions.

Quantitative RT-PCR analysis

Total RNA was isolated from E14.5 WT and Sp3-/- hearts, and subjected to quantitative
RT-PCR analysis for the quantitation of gene expression. Primers used are
5-CGACTCTTGATGACCTTCGG-3 and 5-ATTGCTTTGGTTCCACTCTG-3' for Carp;
5-TCACCATTTCCGACTGTGGAC-3' and 5-ACAGGACATTGCGAGCAGATG-3  for
cyclophilin A (Ppia) which was used as an internal standard to normalize for the amount of
template used in the reactions.

Microarray analysis

Hearts were dissected from E12.5 WT and Sp3-/- embryos, and RNA was isolated from
individual hearts. Total RNA (5ug) was used for labelling and hybridization to 430 2.0
Gene Chips (Affymetrix, Santa Clara, CA). Data extraction and normalization was done as
described?® using Affymetrix Gene Chip Operating Software (GCOS) version 1.4. The overall
intensity value of each GeneChip was scaled to an average value of 200 according to the
method of global scaling provided by GCOS. Intensity values between 0 and 30 were set to
30. An unsupervised correlation analysis using all the probe sets expressed above detection
level in at least one of the samples was performed with the OmniViz correlation tool (Omniviz,
Maynard, MA); this measures correlation patterns by Pearson’s correlation coefficient. We
used Robust Multichip Average (RMA) normalization to obtain a list of differentially expressed
probe sets?', using a fold-change of >1.5 and false discovery rate of 0.01 as criteria. This
list was used for cluster analysis by standard hierarchical clustering methods with similarity
measured by Euclidean distance, provided by OmniViz software. Potentially relevant
biological processes were determined with Ingenuity Pathways Analysis software (Ingenuity,
Redwood, CA). Functional annotation was manually curated using the Mouse Genome
Informatics Web Site, The Jackson Laboratory (Bar Harbor, ME) (http://www.informatics.jax.
org), Online Mendelian Inheritance in Man McKusick-Nathans Institute of Genetic Medicine,
Johns Hopkins University (Baltimore, MD) and National Center for Biotechnology Information,
National Library of Medicine (Bethesda, MD) (http://www.ncbi.nlm.nih.gov/omim/), and the
Ensembl genome database at the European Bioinformatics Institute (Hinxton, UK) (http://
www.ensembl.org/), July 2007. Microarray data have been deposited at http://www.ncbi.nim.
nih.gov/geo (GSE9124).
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Results

Sp3-/- embryos display severe cardiac malformations

To maintain the Sp3 knockout line in a defined genetic background, we back-crossed Sp3+/-
animals for more than 10 generations to C57BL/6 animals. Timed matings of C57BL/6
Sp3+/- mice revealed that in this background the majority of Sp3-/- fetuses die before birth.
To establish the approximate time of in utero mortality, we recovered embryos at different
developmental time points. At E18.5, 1 out of 30 embryos (3%) was homozygous for the Sp3
knockout, significantly below the expected frequency of 25% (p<0.01). In contrast, at E14.5
30/145 embryos (21%) were homozygous, close to the expected frequency. We conclude that
the C57BL/6 Sp3-/- embryos die between E14.5 and E18.5 in utero.

To find developmental defects that might cause this late embryonic lethality, we studied
the Sp3-/- embryos in more detail. In addition to the previously reported growth retardation
of Sp3-/- embryos®, we often observed nuchal edema in the mutants at E14.5 (Fig.1a,d).
This indicates that cardiac dysfunction may contribute to the prenatal mortality of the Sp3-/-
embryos. Consistent with this notion, histological sections of E14.5 Sp3-/- hearts revealed an
array of severe cardiac defects. In 15/17 Sp3-/- hearts the aorta and the pulmonary trunk were
both positioned side-by-side (Fig.1b,e) with the aorta connecting to the right ventricle (not
shown). In all cases the arterial trunk had become septated so no persistent truncus arteriosus
(PTA) was observed. Atrioventricular canal malformations were found in 11/17 cases showing
a common atrioventricular valve, an atrioventricular septal defect (AVSD) (Fig.1c,f,g), or a
straddling tricuspid valve (not shown).

In addition to these malformations, the structure of the myocardial wall was highly abnormal
in Sp3-/- hearts at E12.5 and E14.5. Myocardial volume measurements showed a significant
decrease in volume of the mutant hearts; this was already observed at E10.5 (Table 1). The
ventricular compact myocardium as well as the ventricular septum were hypoplastic and had
a spongy structure (Fig.1g,h) compared to wild-type (WT) littermates (Fig.1c). Furthermore,
we observed perforations of the atrial and ventricular myocardium in about 50% of the E14.5
Sp3-/- hearts (Fig.1g-i). The perforations allowed for a direct contact of sub-endocardial and
sub-epicardial layers. However, there was no pericardial hemorrhage, as the lining epicardium
itself was intact.

Table 1. Myocardial volumes of Sp3-/- hearts during development. E, embryonic day; SD, standard deviation.

E Wild type Sp3* t-test P
Myocardial volume (mm?) SD Myocardial volume (mm?3) SD value
10.5 | 0.048 (n=5) 0.0092 | 0,021 (n=5) 0,0074 | 0.033
12.5 | 0.20 (n=5) 0.032 0,14 (n=6) 0,030 0.011
14.5 | 0.84 (n=5) 0.098 0,37 (n=5) 0,080 0.036
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Figure 1. Sp3 -/- embryos display cardiac abnormalities.

The majority of the Sp3 -/- embryos (a,d) are edematous (arrows in d) at E14.5, suggestive of cardiac dysfunction. E14.5
sections of the heart stained for actin (b,c,e-j). In a WT heart (Sp3+/+) the pulmonary trunk (Pt) arises from the right
ventricle (RV) (b) while in the mutant (e) the Pt and aorta (Ao) are side by side. At the level of the atrioventricular cushion
(AVC), an atrioventricular septal defect (AVSD (asterisk)) occurs with a free hanging underrim of the atrial septum (AS)
(f). The AVSD has a left dominance but is also connected to the RV as is evident from a more posterior section of the
same heart (g). In Sp3 -/- hearts the myocardium is spongy with perforations (g,h) allowing for direct subendocardial to
subepicardial contact, indicated by arrows (h). Normal (i) epicardial (EP) covering compared to epicardial blebbing (EPB)
in a mutant heart (j). LA: left atrium; LV: left ventricle; RA: right atrium. Scale bars: b,c,e-h 100 pm; i,j 50um.
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Figure 2. Morphological analysis of Sp3 -/-
embryonic hearts.

3D reconstructions of a WT (a,c) and a Sp3
-/- embryonic heart (b,d) at E10.5. Color
codes: light brown: atria (A) and ventricles
(V), pink: atrioventricular cushions (AVC),
blue: outflow tract cushions (OFT) and
red: arteries (Art). The outer surface of the
heart (a,b) showing the different relative
positions of the cardiac segments in the Sp3
-/- embryo. In the WT heart, the AVC and
OFT cushions meet at the inner curvature
(arrow in c) while in the knockout there is a
wide inner curvature and separation of the
cushions (arrow in d). Sections of a WT (e,g)
and a Sp3 -/~ heart (f,h), stained for actin,
show at E12.5 that in the Sp3 -/- embryo the
septation of the aortic sac (Aos) is not yet
complete (f) compared to normal (e) where
the aorta (Ao) and pulmonary trunk (Pt) are
already separated. At the atrioventricular
canal level (g) in the WT the AVC tissue
is already fused with the cushion tissue
(arrowhead) at the base of the atrial septum
(AS). In the mutant heart (h) a common
valve is shown. Small lateral cushions are
present (arrows) and the cushion tissue at
the base of the AS is not connected to the

- remaining AVC tissue (small patch in the

middle). Scale bars: 200pm.
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Morphological analysis of Sp3 -/- hearts

For the evaluation of cardiac morphology, we studied serial sections of E10.5 (n=15), E12.5
(n=12) and E14.5 (n=17) Sp3-/- embryos and compared these to sections WT littermates.
We found that abnormal looping of the heart tube, with a wide inner curvature and separation
of atrioventricular (AVC) and outflow tract cushions, was already apparent at E10.5. Three-
dimensional reconstructions of representative E10.5 hearts are shown in Fig. 2a-d.

At E 12.5, we observed an incomplete outflow tract septation at the aortic sac level in 4/12
cases (Fig.2e,f). In the remaining 8/12 cases, the aorta and pulmonary trunk were side-by-
side, still abutting completely from the right ventricle. The atrioventricular canal region was still
mainly connected to the left ventricle while one case showed a common valve with no fusion
of the AVC with the cushion ridge at the base of the atrial septum (Fig.2g,h). Furthermore, the
development of the ventricular septum was deficient (Fig.2g,h).

Sp3 expression in the developing heart

Since the expression pattern of Sp3 in the heart might provide clues to explain the phenotype of
the Sp3 null mutation, we analyzed expression of the Sp3 protein during cardiac development.
Nuclear staining of Sp3 was already detected at E9.5 in the myocardium and endocardium
as well as in the cells of the endocardial cushion tissue (Fig.3a-c). This persisted in later
stages in the Anlage of the semilunar and atrioventricular valves (Fig.3d,e,g,h-j). A somewhat
mosaic positivity of myocardial cells was observed in the atria and ventricles through E12.5
and E14.5 (Fig.3i,k). At these stages there was a clearly marked expression in the neural
crest-derived mesenchyme (Fig.3h), the epicardium (Fig.3i,j) and the smooth muscle cells of
the vascular wall (Fig.3d,e,h). Thus, while there appears to be some variation in expression
levels, we conclude that Sp3 is expressed ubiquitously in the developing heart between E9.5
and E14.5. The expression pattern of Sp3 does therefore not provide an indication of the cell
types directly affected by Sp3 deficiency during heart development.

Figure 3. Sp3 expression during cardiac development.

Sections showing Sp3 expression (a,c-k) and actin (b) in E9.5 to E14.5 WT hearts. At E10.5 not only the myocardium
but also the endocardium and the endocardial cushion cells (Cu) of the outflow tract (OFT) are positive. This persists in
the OFT at E12.5 and E14.5 (asterisk in d,e) as well as in the atrioventricular cushions (AVC) (g, j). The mostly positive
myocardium shows a mosaic pattern of positive and negative cells in some regions (arrows, k). Furthermore, there
is a marked expression in the epicardium (EP) (j), the neural crest-derived condensed mesenchyme (CM in h) and
the smooth muscle cells of the aorta (Ao)(e,h). LA: left atrium; LV: left ventricle; RA: right atrium; RV: right ventricle;
V: ventricle. Scale bars a-i 100; j,k 200. The nuclear Sp3 staining is negative in Sp3-/- hearts (not shown).
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Expression analysis of cardiac marker genes

The cardiac phenotype of Sp3-/- embryos shows abnormalities in looping and remodelling
of the heart tube, and myocardial anomalies. We therefore analyzed the expression of a
number of genes that are essential for myocardial differentiation during heart development.
We compared the expression patterns observed in Sp3-/- hearts with those found in WT
hearts at different developmental stages.

Sp3/ : Nkx2.5 is the first marker of mesodermal cells fated

to cardiac development??, regulating the expression
of many structural cardiac muscle genes?. Gata4
was studied because of its close interactions with
Nkx2.5%*. Tbx5 is involved in atrial and ventricular
septation and is a regulator of several cardiac-
specific genes?2¢. We used atrial natriuretic factor
(Anf)?” and cardiac ankyrin repeat protein (Carp;
Ankrd1)? as markers for late differentiation-related
cardiac genes. Anf and Carp are expressed in
the proliferating and developing myocardium.
To differentiate between atrial and ventricular
specification, we used the iroquois homeobox
gene 4 (Irx4). This transcription factor regulates the
chamber-specific myosin isoforms by activating the
ventricular myosin heavy chain1 gene (Vmhc1) and
inhibiting the atrial myosin heavy chain-1 (Amhc1)
in the ventricles?. Finally, we used the myosin light
chain 2 (Mlc2a)* and the ventricular light chain 2
(Mic2v) genes®! as markers for atrial specification.

Figure 4. Expression of markers of cardiac development.

In the myocardium of E12.5 and E14.5 Sp3-/- hearts (a,b and e,f)
Nkx2.5 remains expressed. Carp is downregulated after E12.5 in
the absence of Sp3, as shown by in situ hybridization (c,d and
g,h). At E14.5, Carp expression is almost completely absent in the
Sp3-/- heart. The remaining expression site at E14.5 correlates
with the position of the future atrioventricular conduction system
bridging the ventricular septum. Ao: aorta; LA: left atrium; RA:
right atrium; RV: right ventricle. Scale bars: 100 uym.
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The contribution of neural crest cells in myocardialization and outflow tract formation was
studied using the expression of Msx2, which is a marker for neural crest-derived mesenchymal
cells®2. Finally, we examined the expression of the growth factors TGFf1-3, since TGFB2 is
known to directly influence cardiac development®3,

This analysis demonstrated that the expression of most of these genes did not appear to be
different between WT and the Sp3-/- hearts at E10.5, E12.5 and E14.5. As an example, the
expression pattern of the early cardiac gene Nkx2.5 at E12.5 and E14.5 is shown in Fig.4
(a,b,e,f). The only gene analysed that showed a changed expression pattern was the Carp
gene (Fig.4c,d,g,h). Here we found abnormal downregulation in Sp3-/- hearts after E12.5,
specifically in the compact layer of the ventricular myocardium. At E14.5, Carp is still present
in the right and left atrium of Sp3-/- hearts, but expression of Carp is almost completely lost
from the ventricular myocardium with exception of an area in the ventricular septum correlating
with the position of the future ventricular conduction system. The aberrant downregulation of
Carp expression after E12.5 occurs relatively late, when the Sp3-/- hearts already display
severe abnormalities, and could be due to a secondary effect of the knockout phenotype. We
therefore decided to investigate whether the Carp gene could be directly regulated by Sp3.
Sp3 binds to the Carp promoter in vitro and in vivo

To assess the potential regulation of the Carp gene by Sp3, we first studied the possible
binding of Sp3 to the Carp promoter. We searched the 2.5 kb upstream promoter region
of the Carp gene for the presence of GC- and GT-boxes. This region was previously found
sufficient to drive correct Carp expression®. We found that this regulatory region contains five
putative Sp binding sites (Fig.5a). To test if these putative Sp binding sites are functional, we
performed gel mobility shift assays. The results show that four of the five putative Sp binding
sites are capable of binding Sp3and Sp1 (Fig.5b). We were interested to know if Sp3 interacts
with this region of the Carp promoter in vivo. To investigate this, we performed chromatin
immunoprecipitation (ChIP) reactions on formaldehyde cross-linked chromatin isolated from
E14.5 WT ventricles, using antibodies against Sp3, Nkx2.5 and a control pre-immune IgG. We
observed a 7 to 8-fold increase in the amplification efficiency of the Carp fragments when the
Sp3 and Nkx2.5 antibodies were used (Fig.5c). In contrast, ChIP reactions with the control
pre-immune IgG did not result in any enrichment of Carp sequences (Fig.5c). Finally, we used
real time RT-PCR to quantitate Carp expression. As could be expected, we found that Carp
expression is reduced, but not completely absent, in E14.5 Sp3-/- hearts (Fig.5d). Collectively,
our data strongly support the notion that Sp3 is a direct regulator of the Carp gene.
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Figure 5. Sp3 binds to the mouse Carp promoter in vitro and in vivo.

(a) The Carp promoter region. The five Sp motifs (Sp C1-5) are indicated as well as the Nkx2.5 and GATA motifs. (b)
Gel retardation assay. The specificity of binding to the Sp C1-5 oligonucleotides was analyzed through the addition of
50-fold molar excess of a competitor oligonucleotide containing two Sp sites57. Supershifts were performed to analyze
the protein complexes with antibodies against Sp1 or Sp3. The arrows point at the different protein complexes formed;
note that there are several isoforms of Sp3%. (c) ChIP reactions were performed on formaldelhyde-crosslinked chromatin
isolated of E14.5 ventricles, using the antibodies indicated. Enrichment for Carp promoter sequences was determined by
real-time quantitative PCR, using amplification of an unrelated fragment of the Gata2 gene as a standard to normalize
for the amount of template DNA in the reactions. (d) Real-time PCR analysis of Carp mRNA expression in E14.5 hearts
of wildtype (WT) and Sp3 knockout (Sp3-/-) embryos. Expression of cyclophilin AmRNA was used to normalize for the
amount of RNA. Error bars indicate SEM. The average Carp expression level in WT hearts was set to 100.
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Analysis of epicardial cells in Sp3-/- hearts

The dysregulation of Carp expression occurs relatively late, and is therefore not causally
related to the myocardial defects displayed by Sp3-/- embryos. For proper differentiation and
development, the myocardium needs signals from the epicardium and epicardium-derived
cells (EPDCs)*, which are formed by epithelial-to-mesenchymal transformation (EMT)?¥ . Since
myocardial development was severely affected in Sp3-/- hearts, we examined the histology
of the epicardium in more detail. We used expression of the Wilms’ tumor suppressor gene
(Wt1) as a marker for the epicardial layer and EPDCs®, and found that there is still epicardial
outgrowth inthe mutant hearts (Fig.6d,e,j,k), similar to that observed in WT hearts (Fig.6a,b,g,h).
However, already at E12.5 the epicardial layer is abnormally attached to the myocardium
and forms bleb-like structures (Fig.1b,e,i,j). In the mutant hearts we found fewer Wt1-positive
epicardial cells and EPDCs in the subepicardial and intramyocardial regions, as compared to
WT (Fig.6g,h,j,k). To assess whether EMT might be impaired in the EPDCs, we studied the
expression of the cell-adhesion molecule E-cadherin (Cdh1)®. It has been suggested that
Wit1 downregulates E-cadherin during normal EMT in human mammary epithelial cells*. We
found that E-cadherin expression was upregulated in Sp3-/- hearts, compared to WT hearts
(Fig.6c,f,i,), suggesting that EMT of epicardial cells is impaired in Sp3-/- hearts.
Genome-wide expression analysis of Sp3-/- hearts

Myocardial development is severely compromised in Sp3-/- embryos, but our in situ analysis
of the expression of >15 marker genes of cardiac development provided surprisingly few
clues on the genes involved. As an independent approach to find such genes, we performed
a microarray analysis of E12.5 hearts. RNA was isolated from individual WT and Sp3-/-
hearts, labeled, and used for hybridization to Affymetrix 430 2.0 Gene Chips. An unsupervised
correlation analysis, which included all the genes expressed above detection level in at least
one of the samples (15506 probe sets), did not divide the WT and Sp3-/- samples in distinct
subgroups (data not shown). This indicates that the number of genes displaying deregulated
expression in Sp3-/- hearts is relatively small. To analyze this in more detail, we performed
a supervised analysis designed to discover genes differentially expressed between the WT
and Sp3-/- samples, using a >1.5-fold change in the mean expression level (WT versus Sp3-
/-) and a false discovery rate of 0.01 as the cut-offs. This resulted in a list of 116 probe sets
representing 103 genes, which clearly distinguished WT from Sp3-/- samples in a hierarchical
cluster analysis (Fig.7a). Of these 103 genes, 9 were upregulated and 94 (including Sp3)
were downregulated in the Sp3-/- samples. We then used this gene list for pathway analysis,
to identify biological processes that might be affected in the Sp3-/- hearts. We found that two
broad categories are over-represented (Fig.7b).
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The first category, represented by 29/103 genes, is small molecule metabolism (lipid,
carbohydrate, amino acid, nucleotide, redox), and includes a relatively large number of
mitochondrial proteins (8/29). The relevance of this category is not clear at the moment, but
it is possible that a general metabolic deficiency contributes to the Sp3-/- phenotype. The
second category, represented by 45/103 genes, is cell-cell interactions. From this category,
27/45 genes are associated with the membrane, 11/45 with the extracellular compartment,
and 7/45 with signal transduction. This is consistent with the notion that cell-cell interactions
are affected in Sp3-/-myocardial development and that these abnormal interactions contribute
to the phenotype. At present this list of 103 genes does not point to a known developmental
pathway that might be disturbed in Sp3-/- embryos. However, it does provide leads for
investigations aimed at unravelling the molecular mechanism underlying the severe cardiac
phenotype of Sp3-/- embryos.

Fig. 6. Expression of epicardial markers in Sp3-/- hearts.

Sections of E12.5 (a-f) and E14.5 (g-l) hearts stained for Wt1 and E-cadherin. Atrioventricular cushion (AVC) region of
an E12.5 WT heart (a) with a detail of the left ventricle (LV) (b) showing the epicardial (EP) covering and the EPDCs
in the sub-epicardial layer (arrows). The latter are missing in the mutant (e) taken from a similar position in a heart (d)
displaying a common atrioventricular orifice, a thin spongy myocardium and a deficient ventricular septum (VS). At E14.5
Wt1-stained EPDCs (arrows in g) are missing around the developing coronary vascular system (j). In the compact layer
of the myocardium fewer Wt1-stained EPDCs (arrow) are found in the mutant (k) as compared to the WT heart (h). In the
Sp3 -/- hearts E-cadherin (f,l) is upregulated as compared to WT hearts (c,i), where EPDCs (arrows) are also located in
the subepicardial region. Ao: aorta; LA: left atrium; RV: right ventricle. Scale bars a,d,g,j 60um; b,c,e,f,h,i,k,| 30pum.
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Fig. 7. Gene expression profiling of E12.5 Sp3-/- hearts.

RNA was isolated from E12.5 WT (n=3) and Sp3-/- (n=3) hearts, and gene expression profiles were determined using
Affymetrix 430 2.0 Gene Chips. a. Cluster analysis of the 116 probe sets representing 103 differentially expressed genes.
Blue represents donwregulation, and red upregulation in Sp3-/- hearts. b. Biological processes represented by the 103
differentially expressed genes. ME=metabolism; green amino acid; yellow carbohydrate; orange lipid; purple nucleotide;
plum redox; white other. MB = membrane; ES = extracellular space; ST = signal transduction; NU = nuclear; MS =
Miscellaneous. Genes in grey boxes encode mitochondrial proteins. FC = fold change; blue represents downregulation,
and red upregulation in Sp3-/- hearts.
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Discussion

Previous studies on Sp3-/- mice in a mixed genetic background of C57BL/6 and 129/Ola
failed to identify the cause of the observed perinatal mortality5®. Our current results, obtained
with the Sp3 null mutation in the C57BL/6 background, provide ample evidence that severe
cardiac malformations are the primary cause of death. We show that Sp3 is expressed in
all components of the heart, including the myocardium, the neural crest-derived condensed
mesenchyme, the endocardium, the endocardial cushions, the epicardium and EPDCs. Thus,
several of the complex interactions between these components of the heart may be disturbed
in Sp3-deficient embryos, in addition to cell-intrinsic defects that may occur in any of the cell
lineages contributing to the developing heart. The analysis of the expression patterns of over
15 marker genes relevant for cardiac development, and genome-wide expression profiling of
E12.5 hearts, provided limited insight in the molecular mechanism of the cardiac phenotype.
The interpretation of the results will therefore be based primarily on morphological analysis of
Sp3-/- hearts.

The early defect in cardiac looping, resulting in an abnormal wide inner curvature at
E10.5, points at a myocardial problem that might relate to defective myocardial-epicardial
interactions®. Remodelling of the primitive heart through looping is absolutely necessary
to properly establish the definitive atrioventricular and ventriculo-arterial connections. The
observed inflow and outflow abnormalities can occur as direct consequences of defective
cardiac looping. Furthermore, the observed common atrioventricular valve and atrioventricular
septal defects also suggest that the development and fusion of the atrioventricular canal
are abnormal. As we did not observe cases with persistent truncus arteriosus, outflow tract
septation has been accomplished normally indicating that neural crest cell migration to this
area has been achieved*!. This is supported by the normal Msx2 expression pattern in the
outflow tract®?. Evidence for abnormal myocardial differentiation is obtained from the ventricular
myocardium that failed to form a consistent compact layer in the Sp3-/- hearts. Furthermore,
the ventricular wall was very thin, presenting myocardial perforations and fistulae after E12.5
in the majority of cases. This phenomenon might be due to an abnormal contribution of EPDCs
to the heart®4244,

Wt1 is expressed in the epicardium and temporarily in EPDCs after EMT®*. Comparing WT
and Sp3-/- hearts, we found that epicardial outgrowth had taken place normally, but that
EMT and subsequent differentiation of EPDCs might be abnormal. This is suggested from
diminished Wt1 expression in the epicardium and the EPDCs in the compact myocardium of
the ventricular wall. Wt1 is thought to stimulate the formation of EPDCs by activation of EMT#.
Wt1-/- embryos show epicardial defects with myocardial hypoplasia*, which may be caused
by disturbed formation of the sub-epicardial mesenchymal cells (i.e. EPDCs) by impaired
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EMT?4. To further substantiate disturbed EMT in Sp3-/- hearts we have used the cell-adhesion
molecule E-cadherin. This marker should be downregulated during normal EMT*°. We found
that E-cadherin expression was upregulated in the epicardium of the Sp3-/- hearts. This is
consistent with diminished EMT and EPDC formation. Deregulated E-cadherin expression
might explain the abnormal morphology and blebbing of the epicardial surface as well. We
postulate that an abnormal cross-talk between myocardium and EPDCs contributes to the
myocardial pathology in Sp3-/- hearts. The role of Sp3 in regulation of Wt1 expression has
not yet been described, however, there is evidence for a role of Sp1 (highly homologous to
Sp3) in downregulation of Wt147. Sp3 is expressed both in EPDCs and myocardium, and
we observe changes in the expression of both Wt1 (EPDC-specific) and Carp (myocardium-
specific). Further studies are necessary to unravel whether this is a concomitant “dual hit” or
whether the primary defect resides in either the myocardial or EPDC compartment.

Sp3-/- versus other knockout models

Several mouse knockout models present with a cardiac and myocardial phenotype that is
comparable to that displayed by Sp3-/- embryos. For instance, TGFB2-/- embryos have
malformations in the inflow and outflow tract that are very similar to those observed in Sp3-
/- embryos, but the severe thinning of the myocardium and the perforations are missing®.
Another example is provided by RxRa-/- embryos, which also show great variability in outflow
and inflow malformations*®. Furthermore, RxRa-/- embryos display a serious epicardial
insufficiency leading to an abnormal cross-talk of myocardium and epicardium resulting in
myocardial deficiency*®. Elevated levels of Mic2a*® and TGFB2%° have been observed in RxRa-
/- embryos. We did not detect changes in the expression of these genes in the Sp3-/- hearts.
Remarkably, the RxRa-/- embryos display a dramatic downregulation of Carp expression at
E10.5%". The timing of this aberrant downregulation of Carp is different from that in Sp3-/-
hearts, where it sets in after E12.5. Thus, although the phenotypes of several previously
described knockouts display similarities to the cardiac phenotype of the Sp3 null mutants,
none of those appear to recapitulate the Sp3 knockout phenotype completely.

Sp3 deficiency affects expression of the Carp gene

Carp transcription is mediated by the cooperative action of Gata4 and Nkx2.5%, which are
not disturbed in their expression in the Sp3-/- heart. The specific loss of Carp expression
in the ventricles can therefore not be directly attributed to these genes. The identification
of four Sp binding sites in the 2.5 kb upstream regulating region of the Carp gene, a region
essential for Carp expression®®, suggests that the Carp gene is a direct target of Sp3-mediated
transcription. This is strongly supported by the ChIP assays demonstrating that Sp3 binds
to this region of the Carp gene. Interestingly, we found that Nkx2.5 also interacts with this
region in vivo. Thus, a model emerges in which Nkx2.5 and Gata4 initially activate the Carp
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gene. After this initial activation, Sp3 is required, most likely in conjunction with Nkx2.5 and
Gata4, to maintain the appropriate expression pattern of Carp in the ventricles from E12.5
onwards. This is reminiscent of the role of the related family member Sp8 during early limb
development, in which it is required to maintain, but not to initiate, Wnt/B-catenin-dependent
FGF, Shh, and BMP-mediated signalling®>%.

Defining the molecular role of Sp3 in heart development

The observed dysregulation of Carp expression occurs at a developmental time point when the
Sp3-/- embryos already display major myocardial defects. The genome-wide gene expression
profiling of E12.5 Sp3-/- hearts shows that, despite the severe myocardial phenotype, the
expression of a relatively small number of genes is affected. In a bird’s eye view, these data
suggest that impaired small molecule metabolism and abnormal cell-cell interactions may
contribute to the Sp3-/- myocardial phenotype. However, this analysis does not point to a
specific developmental pathway disturbed in Sp3-/- embryos. Several of the 103 differentially
expressed genes are currently associated with cardiovascular phenotypes. P2rx4 encodes the
ATP-gated P2X4 ion channel; it has a key role in the response of endothelial cells to changes
in blood flow%4. Evc encodes a protein that is mutated in Ellis-van Creveld syndrome®s. About
60% of EVC patients have congenital cardiac defects, usually manifest as a common atrium.
Itg4a encodes integrin a4; Itg4a knockout mice fail to form an epicardium and display cardiac
hemorrhage®. These genes provide leads for future studies of the Sp3-/- heart phenotype
aimed at accurate positioning of Sp3 in the pathway of cardiac development. Since Sp3
is widely expressed, the Sp3-/- phenotype could be the result of improper functioning and
interaction of several cell types that interact with myocardial development. A conditional
knockout strategy should help to reveal which cell types contribute to the spectrum of the
Sp3-/- heart phenotype.
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Chapter 8

The Role of the Posterior Heart Field

In the past decade many studies have been performed acknowledging the contribution of tissue
to the developing primary heart tube'2. These observations were supported by the studies
analyzing a great number of genes such as BMP-2, 4*%, Id28, Isl-178, Mesp-1°, Pitx2'°", and
Tbx2,3'>', which show patterns that are indicative of a possible addition of cells to both the
arterial and venous pole of the primary heart tube (Figure 1). We have added SP3 (Chapter
7) to this list of second heart field genes contributing to both poles of the developing heart
tube. Lineage tracing experiments analyzing Fgf8's'", Fgf10'®, Foxh1'®, GATA4%°, Mef2c®,
Nkx2.5°2" and Tbx1'%2?2 already proved the addition of cells from the second heart field” or
second lineage™' to the arterial pole of the heart being anterior (proximal outflow tract and
right ventricle)?*2* or secondary heart field (distal outflow tract)?' (Figure 1). There were also
experiments with tracing of cells that not only contributed to the arterial pole of the heart but
showed addition from the complete second heart field, like Is/-172.

The aim of this thesis was to describe the development of the venous pole of the heart from
a specific part of the second heart field called posterior heart field. We studied in this respect
the role of podoplanin, a gene we newly described in cardiac development, and its protein
expression participating in the formation of the venous pole of the embryonic mouse heart
(Chapter 2 and Figure 1). Podoplanin was used both as a coelomic and myocardial marker
and was expressed in the coelomic epithelium, proepicardial organ (PEO), epicardium,
sinus venosus myocardium and major parts of the myocardium derived cardiac conduction
system.

Figure 1. Overview of the heart fields derived from the splanchnic mesoderm (pink) including genes and proteins (table)
expressed in the second heart field (yellow). The primary hart tube (PHT), derived from the first heart field, is Is/-1
negative in contrast to the structures derived from the second heart field, which are Isl-1 positive. At the arterial pole (AP)
of the heart the second heart field can be divided into anterior heart field, contributing to the right ventricle and proximal
outflow tract (POT), and secondary heart field which contributes to the distal outflow tract (DOT). The specific part of the
second heart field at the venous pole (VP) is called posterior heart field consisting of a mesenchymal and a myocardial
population. The mesenchymal contribution of the posterior heart field at the VP includes the proepicardial organ (PEO),
epicardium and epicardium-derived cells, while the myocardium population includes the sinus venosus (SV) myocardium
and major parts of the cardiac conduction system. The SV myocardium is consisting of the sinoatrial node, atrial septum
and left dorsal atrial wall as well as the myocardium of the wall of the pulmonary and cardinal veins. Posterior heart field
contributes also to the formation and differentiation of the smooth muscle cells of the wall of the pulmonary vein and left
dorsal atrial wall. Neural crest cells (CNC, blue dotes) migrate to the heart and enter the heart both at the AP and VP.
Ao: aorta.
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anterior heart field
Isl-1-
first heart field

splanchnic
mesoderm
Isl-1+
second heart field posterior heart field
I ‘
AP VP Reference List
Fgf8 Abu-Issa et al., 2002; Kelly and Buckingham, 2002; Kelly, 2005
Fgf10 Kelly et al., 2001
Foxh1 Von Both et al., 2004
GATA4 Dodou et al., 2004
Mef2c Dodou et al., 2004
Nkx2.5 Dodou et al.,2004; Waldo et al., 2001
Tbx1 Xu et al.,, 2004; Hu et al., 2004
BMP-2,4 Waldo et al., 2001; Stottmann et al., 2004; Barron et al.,2000; Brand, 2003
1d2 Martinsen et al., 2004
Isl-1 Cai et al.,, 2003; Meilhac et al., 2004
Mesp-1 Sagaetal.,, 1999
Pitx2 Liu et al., 2002; Poelmann et al., 2008
SP3 Van Loo et al.,2007; this thesis
Tbx2 Christoffels et al.,2004; Hoogaars et al., 2004
Thx3 Christoffels et al.,2004; Hoogaars et al., 2004; Xu et al., 2004
HCN4 Garcia-Frigola et al., 2003; Stieber et al., 2003
Pdpn Gittenberger-de Groot et al., 2007; Mahtab et al., 2008; this thesis
Shox2 Blaschke et al., 2007
Tbx5 Bruneau et al., 1999; Liberatore et al., 2000
Thx18 Christoffels et al., 2006; Kraus et al., 2001
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The data from the podoplanin studies (Chapter 2 to 6) together with the Is/-1 tracing
experiments’® support the conclusion that the posterior heart field contributes to the venous
pole development via two subpopulations: (1) the mesenchymal population of the PEO with
its derivatives as epicardium and epicardium-derived cells (EPDCs) and (2) a restricted
myocardial population contributing to the sinus venosus region (Figure 1) as well as the
major parts of the cardiac conduction system (Chapter 2 and 6). The myocardium of the sinus
venosus region includes the sinoatrial node, the venous valves, the atrial septum, dorsal atrial
wall and the myocardium of the wall of the cardinal and pulmonary veins.

Recent studies using Tbx18?® and WT-1% as tracing markers do not distinguish these two
subpopulations and therefore the authors conclude that epicardial cells at the venous pole
also differentiate into a myocardial population. This is actually not a contradiction but is based
on marking of the common progenitor of the two subpopulations we have distinguished.
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Posterior Heart Field Contribution to the Mesenchymal

Population

In our podoplanin embryonic mouse model we have described development of the PEO and
its derivatives such as epicardium and EPDCs by epithelial-mesenchymal transformation
(EMT) starting at embryonic day (E) 9.5. This process allows epithelial cells to become
mobile mesenchymal cells?’, being essential for the development of the PEO, epicardium and
EPDCs. To facilitate a proper EMT the epithelial cells lose their cell-cell adhesion molecule
E-cadherin®, that is downregulated by podoplanin. Consequently, cells transform into mobile
mesenchymal cells which can migrate. Upregulation of E-cadherin has been described to lead
to an impaired EMT?. In the podoplanin mutants upregulation of E-cadherin was seen resulting
in altered EMT with PEO and EPDC-associated malformations such as a hypoplastic PEO,
abnormal epicardial adhesion and myocardial hypoplasia with atrioventricular and ventricular
septal abnormalities. These abnormalities included also a hypoplastic coronary artery media
with additional orifices. Taken together, these results prove a role for podoplanin in cardiac
development and support the idea that the PEO and its derivatives develop from the posterior
heart field (Chapter 3).

In chapter 7 we provide additional evidence on the formation of the epicardium and EPDCs from
the posterior heart field by studying the SP3 gene. We describe in SP3 mutants the role of the
epicardium-myocardium interaction in development of PEO-associated cardiac abnormalities.
SP3 is involved in regulation of WT-1, a transcription factor involved in development of
EPDCs®*. WT-1-/-mouse embryos show a disturbed epicardial-myocardial interaction leading
to EPDC-related cardiac abnormalities®' which might be caused by the altered EMT?2. In SP3
mutants WT-1 expression was downregulated and the mutant hearts showed EPDC-related
cardiac abnormalities comparable to WT-13" and podoplanin mutants (Chapter 3). Similar to
podoplanin knockout mice, we found that E-cadherin was upregulated in the epicardium of the
SP3 mutants which supports impaired EMT as an underlying mechanism.

Summarizing, we have demonstrated, by studying podoplanin and SP3 genes, that at E9.5
mesenchymal cells are added to the PEO from the posterior heart field. We have also shown
that disrupting these genes leads to abnormal PEO development and altered epicardial and
EPDC formation resulting in an impaired epicardial-myocardial interaction and several EPDC-
related cardiac malformations.
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Posterior Heart Field Contribution to the Myocardial Population
Between E9.5 and E15.5 we observed addition and differentiation of the sinus venosus
myocardium including the sinoatrial node, the venous valves, the myocardium of the
atrial septum and dorsal atrial wall as well as the myocardium of the wall of the cardinal
and pulmonary veins (Chapter 4). From E9.5-E12.5, podoplanin positive sinus venosus
myocardium was mosaic for Nkx2.5, an early myocardial differentiation marker, in the venous
valves, atrial septum and myocardium around the pulmonary vein, while no Nkx2.5 expression
was observed in the sinoatrial node and the wall of the cardinal veins. In contrast to the sinus
venosus myocardium, Nkx2.5 showed overall positivity in the remaining atrial and ventricular
myocardium. The Nkx2.5 negative myocardium of the sinus venosus region was also been
observed in other studies®-*°. Our findings are supported by the studies analyzing several
genes as Shox2%, Tbx5%% and Tbx18%*°, describing the contribution of the posterior heart
field to the venous pole (Figure 1), suggesting a different precursor for the myocardium of the
sinus venosus region compared to the primary heart tube.

In addition, at E9.5 the alpha smooth muscle actin antibody 1A4, which is a marker for the
developing myocardium as well as smooth muscle cells, was co-expressed in the MLC2a-
stained myocardium of the common atrium and ventricle derived from the primary heart field in
wild type embryos. At stage E10.5 the posterior heart field derived sinus venosus myocardium
around the primitive pulmonary vein and left atrial dorsal wall showed a less differentiated
phenotype with an overlap of MLC-2a and 1A4 expressions. This phenomenon is at that
time point already lost in the derivatives of the primary heart field. This supports that the
myocardialization of the sinus venosus is initiated at a later developmental time point from a
distinct population of progenitor cells.

The sinus venosus myocardium in podoplanin wild type embryos also showed HCN4
expression in contrast to the HCN4 negative primary heart field derived myocardium of the
common atrium and ventricle. The fact that HCN4 stains the sinus venosus myocardium was
supported by several other studies, suggesting a different precursor for the sinus venosus
myocardium compared to the primary heart tube*>*'. Considering the expression patterns of
the mentioned markers and the findings in the literature, the contribution of the posterior heart
field to the formation and differentiation of the sinus venosus myocardium seems obvious. In
podoplanin mutant embryos MLC2a, actin and HCN4 expressions were diminished in the sinus
venosus region compared to the wild type, proving a major role for podoplanin in regulating
the contribution of the posterior heart field to the sinus venosus myocardium.

Since the sinus venosus myocardium is composed of several structures in the following
paragraphs the role of the posterior heart field in the development of each structure is
described to separately.
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Sinoatrial node and venous valves

Podoplanin is expressed in the sinoatrial node (Chapter 2) which is also positive for HCN4344243]
but negative for Nkx2.5%® (Chapter 4). In the primary atrial myocardium, derived from the
primary heart field, podoplanin and HCN4 are negative and Nkx2.5 is positive. This controversy
in expression pattern of podoplanin, HCN4 and Nkx2.5 in the sinoatrial node and the primary
atrial myocardium supports the concept of different precursors for these structures, which can
also be concluded from the studies mentioned above, analyzing several genes contributing
to the development of the venous pole of the heart®336-41,

In the podoplanin knockout embryos we have seen a hypoplastic sinoatrial node and venous
valves which were shorter compared to wild type embryos (Chapter 4). The observed hypoplasia
can be due to the decreased contribution of the posterior heart field to the sinoatrial node and
venous valves by diminished addition of cells via impaired EMT of the coelomic epithelium
caused by upregulation of E-cadherin in the podoplanin mutants.

Atrial septum and dorsal atrial wall

In the podoplanin mutants we observed a hypoplastic atrial septum and dorsal atrial wall
with interposition of less mesenchymal tissue. The secondary foramen was larger and the
myocardialization at the base of the atrial septum at the junction with the atrioventricular
cushion was absent. The atrial septum and dorsal atrial wall have been reported to derive
from the second (posterior) heart field”'”#4, in accordance with our hypothesis (Chapter 4 and
5).

We described the diminished contribution of the posterior heart field to atrial septum and
dorsal atrial wall, resulting in cardiac malformations through the deficient migration of the two
distinguished subpopulations. Impaired migration of the myocardial cells from the posterior
heart field leads to deficient myocardium in the atrial septum and dorsal atrial wall. This
effect might be enhanced by impaired epicardial-myocardial interaction due to the diminished
formation of EPDCs related to the lack of podoplanin (Chapter 3) and SP3 (Chapter 7).
Pulmonary and cardinal veins

At the sinus venosus region the wall of the pulmonary vein develops from a Nkx2.5 mosaic
cell population and the wall of the cardinal veins from a Nkx2.5 negative population, both
populations express podoplanin and HCN4. We have described that these two cell populations
are derived from the posterior heart field, in contrast to the Nkx2.5 positive and HCN4 negative
myocardium of the primary heart field. In the literature the myocardium of the pulmonary
vein derived from the posterior heart field has been referred to as mediastinal myocardium*.
Concomitant with the higher proliferation rate of the pulmonary vein myocardium at the earlier
stages*®, the Nkx2.5 mosaic area becomes Nkx2.5 positive while the myocardium of the wall of
the cardinal veins remains Nkx2.5 negative. At E15.5 the cardinal vein myocardium becomes
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gradually positive for Nkx2.5, whereas the podoplanin and HCN4 expression diminish,
suggesting the gradual completion of the differentiation process. We conclude that pulmonary
and cardinal veins have a common precursor derived from the posterior heart field, but at a
distinct proliferation rate and a different differentiation rate. In the podoplanin mutant embryos,
the diminished myocardial contribution to the wall of the pulmonary vein and cardinal veins
was evident. We have related this to altered addition of secondary myocardium and smooth
muscle cells from the posterior heart field region due to the lack of podoplanin.

In literature a controversy exists regarding the origin of the myocardium from the wall of the
pulmonary vein. The myocardial wall of the pulmonary vein could be formed either by migration
of existing atrial cardiomyocytes*’, or by recruitment of mesenchymal cells of the splanchnic
mesoderm (posterior heart field), differentiating into myocardial cells*®4°. The latter supports
our hypothesis of posterior heart field contribution to the formation of the myocardial sleeve
around the pulmonary vein (Chapter 5).

Besides abnormal and delayed development of myocardium, the amount of alpha smooth
muscle actin in the pulmonary vein as well as in the left atrial dorsal wall was clearly diminished
in the podoplanin mutants compared to wild type embryos. This might be caused by impaired
formation of smooth muscle cells (SMCs) from the posterior heart field, supported by the fact
that mesenchymal cells transdifferentiate into cells of vascular cell lineages®. Disturbed EMT
in podoplanin knockouts probably leads to abnormal and diminished formation of SMCs as
shown in the disturbed coronary artery SMCs development (Chapter 3). Abnormal or delayed
differentiation of the SMCs in the pulmonary vein and left atrial body in absence of podoplanin
might be an alternative explanation for abnormal formation of the SMCs of the wall of the
pulmonary vein and left dorsal atrial wall.

182



General Discussion and Summary

Posterior Heart Field Contribution to the Cardiac Conduction

System

The origin of the cardiac conduction system has been a matter of discussion. Lineage
tracing studies in the last decade revealed cardiomyocytes as the progenitors of the cardiac
conduction system?®'. However, the exact mechanism of contribution and differentiation of the
cardiomyocytes into the developing cardiac conduction system is still unclear. In Chapter 6 we
described several developmental models and cell populations concerning the development
of the cardiac conduction system. Regarding the role of the posterior heart field to the
development of the cardiac conduction system we are specifically interested in the recruitment
model®? and in the EPDC contribution to the cardiac conduction system3%4.

The recruitment model, describes that conduction cells are recruited from a pool of
undifferentiated cardiomyogenic cells. We postulated that the cardiac conduction system is
derived from the undifferentiated coelomic mesodermal cell population (posterior heart field)
at the venous pole (Chapter 2 and 6). We have shown that podoplanin is not only expressed
in the sinoatrial node and other major parts of the cardiac conduction system, but also in the
left-sided sinoatrial node suggesting a bilateral development of the sinoatrial node®-% which
has been postulated earlier. Kamino and colleagues® demonstrated the first pacemaker
activity at the left side of the tubular heart, which later in development disappears, but persists
in 10% of the cases. We are currently investigating, on the basis of our results, whether
there is a contribution of the left-sided sinoatrial node to the formation of the atrioventricular
node (Chapter 2). A role for podoplanin in the development of the cardiac conduction system
is shown in the podoplanin knockout mice which presented with severe hypoplasia of the
sinoatrial node and atrial and ventricular myocardium as well as deficient atrial and ventricular
septum formation leading to abnormalities in the atrioventricular conduction system.
Regarding the contribution of the EPDCs to the developing cardiac conduction system we
have shown that the posterior heart field contributes to the development of the EPDCs.
EPDCs are important for the induction of the differentiation of the Purkinje fibers®. Inhibition of
the PEO outgrowth has shown Purkinje fiber hypoplasia and abnormal differentiation in quail
embryos®. EPDCs may either be involved in Purkinje fiber development by cooperation with
inducing factors secreted by endothelial and endocardial cells, or by production of endothelial
factors themselves®+'.

In podoplanin mutants we have shown a hypoplastic PEO and as consequence, altered
formation of the epicardium (Chapter 3). In both, SP3 and podoplanin mutants we have
demonstrated a diminished epicardial-myocardial interaction due to altered EPDC formation
(Chapter 7).
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Clinical Implications

In this thesis we observed a hypoplastic sinoatrial node in podoplanin mutants, which we
have related to the diminished contribution of the posterior heart field to the sinus venosus
myocardium. Hypoplasia of the sinoatrial node was also observed in Shox2 mutant mice®.
Morfolino knockout studies of this gene in zebrafish confirmed a functional bradycardia. This
is indicative of a disturbed pacemaker function. To investigate whether the podoplanin mutant
hearts show dysfunctions such as bradycardia comparable to Shox2 mutants® or abnormal
automaticity (due to the persistent left-sided sinoatrial node), it is necessary to perform
additional functional studies in the future. It remains to be investigated whether comparable
processes are seen in the development of clinical syndromes in man such as sick sinus
syndrome, including bradycardia, sinus arrest and sinoatrial node exit block as presented in
several transgenic mice®.

Based on the expression patterns of molecular and immunohistochemical markers it is
suggested that atrial fibrillation originating from the myocardium surrounding the pulmonary
and caval veins might have an embryonic background®®®'. In this thesis we observed HCN4
expression in the sinoatrial node and in the myocardium of the wall of the pulmonary and
cardinal veins. During embryonic development these cells lose their HCN4 activity. Persistence
of these HCN4 positive cells (arrhythmogenic ectopic foci) might be the mechanism for
independent spontaneous pacemaker activity, which could cause arrhythmias originating from
this area. This abnormal automaticity or enhanced pacemaker activity in the sinus venosus
myocardium has been reported by several studies®?%+.

In the podoplanin knockout embryos we have observed deficient sinus venosus myocardium
with several myocardial discontinuities. Areas lacking myocardium can be regarded as
low voltage areas (comparable to scar tissue) that may form the substrate of reentry
circuits. Electrophysiological testing in mutant mice is necessary to further investigate this
hypothesis.

Next to disturbances in cardiac conduction related to myocardial contribution from the posterior
heart field, the observed deficient mesenchymal contribution results in atrial and ventricular
septal defects as well as in myocardial and coronary vascular abnormalities. This thesis
contributes to the understanding of the mechanism underlying these cardiac malformations.
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Future Perspectives

The use of the term posterior heart field would imply having performed lineage tracing study.
We have used this term as a positional term to mark the subset of the Isl-1 and Tbx18 positive
second heart field cells that contribute to the development of the venous pole of the heart
in parallel to the anterior heart field at the arterial pole. We are currently performing tracing
experiments to further specify the posterior heart field.

With regard to the role of posterior heart field in development of arrhythmias at the sinus
venosus region and a functional role for podoplanin gene in cardiac development we are
preparing our podoplanin mouse model to carry out electrophysiological experiments in the
near future.

185



Chapter 8

Reference List

1.

10.

1.

12.

13.

14.

15.

16.

17.
18.

19.

20.

21.

186

Moreno-Rodriguez RA, De la Cruz MV, Krug EL. Temporal and spatial asymmetries in the initial distribution of
mesenchyme cells in the atrioventricular canal cushions of the developing chick heart. Anat Rec. 1997;248:84-
92.

De la Cruz MV, Castillo MM, Villavicencio L, Valencia A, Moreno-Rodriguez RA. Primitive interventricular septum,
its primordium, and its contribution in the definitive interventricular septum: in vivo labelling study in the chick
embryo heart. Anat Rec. 1997;247:512-520.

Barron M, Gao M, Lough J. Requirement for BMP and FGF signaling during cardiogenic induction in non-precardiac
mesoderm is specific, transient, and cooperative. Dev Dyn. 2000;218:383-393.

Brand T. Heart development: molecular insights into cardiac specification and early morphogenesis. Dev Biol.
2003;258:1-19.

Stottmann RW, Choi M, Mishina Y, Meyers EN, Klingensmith J. BMP receptor IA is required in mammalian neural
crest cells for development of the cardiac outflow tract and ventricular myocardium. Development. 2004;131:2205-
2218.

Martinsen BJ, Frasier AJ, Baker CV, Lohr JL. Cardiac neural crest ablation alters 1d2 gene expression in the
developing heart. Dev Biol. 2004;272:176-190.

Cai CL, Liang X, Shi Y, Chu PH, Pfaff SL, Chen J, Evans S. Isl1 identifies a cardiac progenitor population that
proliferates prior to differentiation and contributes a majority of cells to the heart. Dev Cell. 2003;5:877-889.
Meilhac SM, Esner M, Kelly RG, Nicolas JF, Buckingham ME. The clonal origin of myocardial cells in different
regions of the embryonic mouse heart. Dev Cell. 2004;6:685-698.

Saga Y, Miyagawa-Tomita S, Takagi A, Kitajima S, Miyazaki J, Inoue T. MesP1 is expressed in the heart precursor
cells and required for the formation of a single heart tube. Development. 1999;126:3437-3447.

Liu C, Liu W, Palie J, Lu MF, Brown NA, Martin JF. Pitx2c patterns anterior myocardium and aortic arch vessels and
is required for local cell movement into atrioventricular cushions. Development. 2002;129:5081-5091.

Poelmann RE, Jongbloed MR, Gittenberger-de Groot AC. Pitx2: a challenging teenager. Circ Res. 2008;102:749-
751.

Christoffels VM, Hoogaars WM, Tessari A, Clout DE, Moorman AF, Campione M. T-box transcription factor Tbx2
represses differentiation and formation of the cardiac chambers. Dev Dyn. 2004;229:763-770.

Hoogaars WM, Tessari A, Moorman AF, de Boer PA, Hagoort J, Soufan AT, Campione M, Christoffels VM. The
transcriptional repressor Tbx3 delineates the developing central conduction system of the heart. Cardiovasc Res.
2004;62:489-499.

Xu H, Morishima M, Wylie JN, Schwartz RJ, Bruneau BG, Lindsay EA, Baldini A. Tbx1 has a dual role in the
morphogenesis of the cardiac outflow tract. Development. 2004;131:3217-3227.

Abu-Issa R, Smyth G, Smoak |, Yamamura K, Meyers EN. Fgf8 is required for pharyngeal arch and cardiovascular
development in the mouse. Development. 2002;129:4613-4625.

Kelly RG, Buckingham ME. The anterior heart-forming field: voyage to the arterial pole of the heart. Trends Genet.
2002;18:210-216.

Kelly RG. Molecular inroads into the anterior heart field. Trends Cardiovasc Med. 2005;15:51-56.

Kelly RG, Brown NA, Buckingham ME. The arterial pole of the mouse heart forms from Fgf10-expressing cells in
pharyngeal mesoderm. Dev Cell. 2001;1:435-440.

Von B, |, Silvestri C, Erdemir T, Lickert H, Walls JR, Henkelman RM, Rossant J, Harvey RP, Attisano L, Wrana JL.
Foxh1 is essential for development of the anterior heart field. Dev Cell. 2004;7:331-345.

Dodou E, Verzi MP, Anderson JP, Xu SM, Black BL. Mef2c is a direct transcriptional target of ISL1 and GATA factors
in the anterior heart field during mouse embryonic development. Development. 2004;131:3931-3942.

Waldo K, Kumiski DH, Wallis KT, Stadt HA, Hutson MR, Platt DH, Kirby ML. Conotruncal myocardium arises from
a secondary heart field. Development. 2001;128:3179-3188.



General Discussion and Summary

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Hu T, Yamagishi H, Maeda J, McAnally J, Yamagishi C, Srivastava D. Tbx1 regulates fibroblast growth factors in the
anterior heart field through a reinforcing autoregulatory loop involving forkhead transcription factors. Development.
2004;131:5491-5502.

Mjaatvedt CH, Nakaoka T, Moreno-Rodriguez R, Norris RA, Kern MJ, Eisenberg CA, Turner D, Markwald RR. The
outflow tract of the heart is recruited from a novel heart-forming field. Dev Biol. 2001;238:97-109.

Verzi MP, McCulley DJ, De Val S, Dodou E, Black BL. The right ventricle, outflow tract, and ventricular septum
comprise a restricted expression domain within the secondary/anterior heart field. Dev Biol. 2005;287:134-145.
Cai CL, Martin JC, Sun Y, Cui L, Wang L, Ouyang K, Yang L, Bu L, Liang X, Zhang X, Stallcup WB, Denton CP,
McCulloch A, Chen J, Evans SM. A myocardial lineage derives from Tbx18 epicardial cells. Nature. 2008.

Pombal MA, Carmona R, Megias M, Ruiz A, Perez-Pomares JM, Munoz-Chapuli R. Epicardial development
in lamprey supports an evolutionary origin of the vertebrate epicardium from an ancestral pronephric external
glomerulus. Evol Dev. 2008;10:210-216.

Hay ED. The mesenchymal cell, its role in the embryo, and the remarkable signaling mechanisms that create it.
Dev Dyn. 2005;233:706-720.

Cano A, Perez-Moreno MA, Rodrigo |, Locascio A, Blanco MJ, del Barrio MG, Portillo F, Nieto MA. The transcription
factor snail controls epithelial-mesenchymal transitions by repressing E-cadherin expression. Nat Cell Biol.
2000;2:76-83.

Martin-Villar E, Scholl FG, Gamallo C, Yurrita MM, Munoz-Guerra M, Cruces J, Quintanilla M. Characterization
of human PA2.26 antigen (T1alpha-2, podoplanin), a small membrane mucin induced in oral squamous cell
carcinomas. Int J Cancer. 2005;113:899-910.

Moore AW, Mclnnes L, Kreidberg J, Hastie ND, Schedl A. YAC complementation shows a requirement for Wt1
in the development of epicardium, adrenal gland and throughout nephrogenesis. Development. 1999;126:1845-
1857.

Kreidberg JA, Sariola H, Loring JM, Maeda M, Pelletier J, Housman D, Jaenisch R. WT-1 is required for early
kidney development. Cell. 1993;74:679-691.

Wagner N, Wagner KD, Scholz H, Kirschner KM, Schedl A. Intermediate filament protein nestin is expressed in
developing kidney and heart and might be regulated by the Wilms’ tumor suppressor Wt1. Am J Physiol Regul
Integr Comp Physiol. 2006;291:R779-R787.

Christoffels VM, Mommersteeg MT, Trowe MO, Prall OW, Gier-de Vries C, Soufan AT, Bussen M, Schuster-Gossler
K, Harvey RP, Moorman AF, Kispert A. Formation of the venous pole of the heart from an Nkx2-5-negative precursor
population requires Tbhx18. Circ Res. 2006;98:1555-1563.

Mommersteeg MT, Hoogaars WM, Prall OW, Gier-de Vries C, Wiese C, Clout DE, Papaioannou VE, Brown NA,
Harvey RP, Moorman AF, Christoffels VM. Molecular pathway for the localized formation of the sinoatrial node. Circ
Res. 2007;100:354-362.

Hoogaars WM, Engel A, Brons JF, Verkerk AO, de Lange FJ, Wong LY, Bakker ML, Clout DE, Wakker V, Barnett
P, Ravesloot JH, Moorman AF, Verheijck EE, Christoffels VM. Tbx3 controls the sinoatrial node gene program and
imposes pacemaker function on the atria. Genes Dev. 2007;21:1098-1112.

Blaschke RJ, Hahurij ND, Kuijper S, Just S, Wisse LJ, Deissler K, Maxelon T, Anastassiadis K, Spitzer J, Hardt
SE, Schdéler H, Feitsma H, Rottbauer W, Blum M, Meijlink F, Rappold GA, Gittenberger-de Groot AC. Targeted
mutation reveals essential functions of the homeodomain transcription factor Shox2 in sinoatrial and pacemaking
development. Circulation. 2007;115:1830-1838.

Bruneau BG, Logan M, Davis N, Levi T, Tabin CJ, Seidman JG, Seidman CE. Chamber-specific cardiac expression
of Tbx5 and heart defects in Holt-Oram syndrome. Dev Biol. 1999;211:100-108.

Liberatore CM, Searcy-Schrick RD, Yutzey KE. Ventricular expression of tbx5 inhibits normal heart chamber
development. Dev Biol. 2000;223:169-180.

187



Chapter 8

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

188

Kraus F, Haenig B, Kispert A. Cloning and expression analysis of the mouse T-box gene Tbx18. Mech Dev.
2001;100:83-86.

Garcia-Frigola C, Shi Y, Evans SM. Expression of the hyperpolarization-activated cyclic nucleotide-gated cation
channel HCN4 during mouse heart development. Gene Expr Patterns. 2003;3:777-783.

Stieber J, Herrmann S, Feil S, Loster J, Feil R, Biel M, Hofmann F, Ludwig A. The hyperpolarization-activated
channel HCN4 is required for the generation of pacemaker action potentials in the embryonic heart. Proc Natl Acad
Sci U S A. 2003;100:15235-15240.

Boyett MR, Honjo H, Kodama |. The sinoatrial node, a heterogeneous pacemaker structure. Cardiovasc Res.
2000;47:658-687.

Liu J, Dobrzynski H, Yanni J, Boyett MR, Lei M. Organisation of the mouse sinoatrial node: structure and expression
of HCN channels. Cardiovasc Res. 2007;73:729-738.

Anderson RH, Brown NA, Moorman AF. Development and structures of the venous pole of the heart. Dev Dyn.
2006;235:2-9.

Soufan AT, van den Hoff MJ, Ruijter JM, de Boer PA, Hagoort J, Webb S, Anderson RH, Moorman AF. Reconstruction
of the patterns of gene expression in the developing mouse heart reveals an architectural arrangement that
facilitates the understanding of atrial malformations and arrhythmias. Circ Res. 2004;95:1207-1215.
Mommersteeg MT, Brown NA, Prall OW, de Gier-de VC, Harvey RP, Moorman AF, Christoffels VM. Pitx2c and
Nkx2-5 Are Required for the Formation and Identity of the Pulmonary Myocardium. Circ Res. 2007;101:902-909.
Millino C, Sarinella F, Tiveron C, Villa A, Sartore S, Ausoni S. Cardiac and smooth muscle cell contribution to the
formation of the murine pulmonary veins. Dev Dyn. 2000;218:414-425.

van den Hoff MJ, Kruithof BP, Moorman AF, Markwald RR, Wessels A. Formation of myocardium after the initial
development of the linear heart tube. Dev Biol. 2001;240:61-76.

Kruithof BP, van den Hoff MJ, Tesink-Taekema S, Moorman AF. Recruitment of intra- and extracardiac cells into the
myocardial lineage during mouse development. Anat Rec. 2003;271A:303-314.

Sartore S, Lenzi M, Angelini A, Chiavegato A, Gasparotto L, De Coppi P, Bianco R, Gerosa G. Amniotic mesenchymal
cells autotransplanted in a porcine model of cardiac ischemia do not differentiate to cardiogenic phenotypes. Eur
J Cardiothorac Surg. 2005;28:677-684.

Gourdie RG, Mima T, Thompson RP, Mikawa T. Terminal diversification of the myocyte lineage generates purkinje
fibers of the cardiac conduction system. Development. 1995;121:1423-1431.

Gourdie RG, Harris BS, Bond J, Justus C, Hewett KW, O’'Brien TX, Thompson RP, Sedmera D. Development of the
cardiac pacemaking and conduction system. Birth Defects Res. 2003;69:46-57.

Eralp I, Lie-Venema H, Bax NAM, Wijffels MC, Van der Laarse A, DeRuiter MC, Bogers AJ, Van Den Akker NM,
Gourdie RG, Schalij MJ, Poelmann RE, Gittenberger-de Groot AC. Epicardium-derived cells are important for
correct development of the Purkinje fibers in the avian heart. Anat Rec. 2006;288A:1272-1280.

Lie-Venema H, van den Akker NMS, Bax NAM, Winter EM, Maas S, Kekarainen T, Hoeben RC, DeRuiter MC,
Poelmann RE, Gittenberger-de Groot AC. Origin, fate, and function of epicardium-derived cells (EPCDs) in normal
and abnormal cardiac development. ScientificWorldJournal. 2007;7:1777-1798.

Viragh S, Challice CE. The development of the conduction system in the mouse embryo heart. Dev Biol. 1980;80:28-
45.

Kamino K, Hirota A, Fuijii S. Localization of pacemaking activity in early embryonic heart monitored using voltage-
sensitive dye. Nature. 1981;290:595-597.

Eid H, de Bold K, Chen JH, de Bold AJ. Epicardial mesothelial cells synthesize and release endothelin. J Cardiovasc
Pharmacol. 1994;24:715-720.

Dobrzynski H, Boyett MR, Anderson RH. New insights into pacemaker activity: promoting understanding of sick
sinus syndrome. Circulation. 2007;115:1921-1932.



General Discussion and Summary

59.

60.

61.

62.

63.

64.

Jongbloed MRM, Schalij MJ, Poelmann RE, Blom NA, Fekkes ML, Wang Z, Fishman Gl, Gittenberger-de Groot
AC. Embryonic conduction tissue: a spatial correlation with adult arrhythmogenic areas? Transgenic CCS/lacZ
expression in the cardiac conduction system of murine embryos. J Cardiovasc Electrophysiol. 2004;15:349-355.
Blom NA, Gittenberger-de Groot AC, DeRuiter MC, Poelmann RE, Mentink MM, Ottenkamp J. Development of the
cardiac conduction tissue in human embryos using HNK-1 antigen expression: possible relevance for understanding
of abnormal atrial automaticity. Circulation. 1999;99:800-806.

Melnyk P, Ehrlich JR, Pourrier M, Villeneuve L, Cha TJ, Nattel S. Comparison of ion channel distribution and
expression in cardiomyocytes of canine pulmonary veins versus left atrium. Cardiovasc Res. 2005;65:104-116.
Cheung DW. Pulmonary vein as an ectopic focus in digitalis-induced arrhythmia. Nature. 1981;294:582-584.
Honjo H, Boyett MR, Niwa R, Inada S, Yamamoto M, Mitsui K, Horiuchi T, Shibata N, Kamiya K, Kodama I. Pacing-
induced spontaneous activity in myocardial sleeves of pulmonary veins after treatment with ryanodine. Circulation.
2003;107:1937-1943.

Arora R, Verheule S, Scott L, Navarrete A, Katari V, Wilson E, Vaz D, Olgin JE. Arrhythmogenic substrate of the
pulmonary veins assessed by high-resolution optical mapping. Circulation. 2003;107:1816-1821.

189






Samenvatting



Samenvatting
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Het primaire hartbuisje ontstaat uit cellen afkomstig uit het zogenaamde primary heart
field. Uiteindelijk zal uit dit buisje een functionerend hart moeten ontstaan, bestaande
uit een instroomdeel, twee boezems, twee kamers, een uitstroomdeel en een functioneel
geleidingssysteem. Een groot deel van het hart en het geleidingssysteem zal gedurende de
ontwikkeling worden aangebouwd. Dit gebeurt vanuit het zogenaamde second heart field. In
dit proefschrift concentreerden wij ons op de toevoeging van cellen uit het second heart field
(splanchnisch mesoderm) aan de veneuze pool van het embryonale muizenhart. Hiervoor
gebruikten wij het recent gevonden gen podoplanine. Wij bestudeerden de expressiepatronen
van podoplanine in relatie tot de aanbouw van het hart vanuit het second heart field. Verder
werd de ontwikkeling van de veneuze pool in podoplanine knockout muizenembryo’s
onderzocht en vergeleken met die van wild type muizenembryo’s.

Hoofdstuk 1 geeft een inleiding van de vroeg embryonale hartontwikkeling. De hartbuis wordt
gevormd uit de zogenaamde cardiogene platen die afkomstig zijn van het splanchnische
mesoderm van het laterale zijplaat mesoderm. De cardiogene platen vormen de primary (first)
heart field. De hartbuis (een deel van de atria, het atrioventriculair kanaal en de linker kamer)
heeft een arteriéle pool en een veneuze pool. Door de toevoeging van cellen uit de specifieke
gebieden van het splanchnische mesoderm (second heart field) later in de ontwikkeling, groeit
de hartbuis verder uit tot een orgaan met twee boezems en twee kamers, gescheiden door
septa of tussenschotten. De arteriéle pool ontwikkelt zich verder door toevoeging van cellen
uit het secondary- en anterior heart field, twee specifieke gebieden van het second heart field.
Het gebied van onze interesse, de veneuze pool, ontwikkelt zich uit de posterior heart field.

In Hoofdstuk 2 wordt de term posterior heart field geintroduceerd voor het specifieke
gebied van het second heart field dat cellen aan de veneuze pool toevoegt. De toevoeging
van weefsel uit het posterior heart field aan de veneuze pool vindt plaats via de epitheel-
mesenchym transformatie van het coeloom epitheel. Wij hebben aangetoond dat de
toevoeging van cellen uit het posterior heart field in twee populaties kan worden verdeeld:
(1) een vroege mesenchymale toevoeging, inclusief pro-epicard orgaan en zijn derivaten en
(2) een myocardiale toevoeging die het myocardium van de sinus venosus omvat met onder
andere delen van het geleidingssysteem.

In Hoofdstuk 3 hebben wij aangetoond dat de mesenchymale cel populatie een rol speelt

bij de ontwikkeling van het pro-epicard orgaan, het epicardium en de epicardium-afgeleide
cellen (epicardium-derived cells, EPDC’s) die betrokken zijn bij de differentiatie van het
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myocardium, fibroblasten, kransslagaders, endocardkussens en het kamer geleidingssysteem,
in het bijzonder de Purkinje vezels. Abnormale ontwikkeling van het pro-epicard orgaan,
de verminderde vorming van de EPDC’s en de verstoorde epicard-myocard interactie,
geobserveerd in de podoplanine knockout muizenembryo’s, zijn het resultaat van de abnormale
mesenchymale bijdrage van het posterior heart field aan de veneuze pool die tot ernstige
aangeboren hartafwijkingen leiden. In de podoplanine mutanten vonden wij hypoplastisch
myocardium van de boezems en kamers met onderontwikkelde endocardkussens, hetgeen
resulteerde in defecten van de boezem- en kamertussenschotten. De gladde spiercel laag
(media laag) van de kransslagaders was ook hypoplastisch en dun.

Hoofdstuk 4 is gewijd aan de myocardiale bijdrage van het posterior heart field aan de veneuze
pool, die het myocardium van de sinus venosus omvat. Een deel daarvan is betrokken bij de
ontwikkeling van het geleidingssysteem van het hart. Het myocard van de sinus venosus omvat
de sinoatriale knoop (sinus knoop), de veneuze kleppen, het primaire boezemtussenschot en
de achterwand van de linker boezem evenals het myocard rondom de wand van de longvenen
en cardinaalvenen (volwassen: holle aders of venae cava). Voorts hebben wij de ontwikkeling
van een tweede, linkszijdig sinoatriale knoop bestudeerd die tijdens de ontwikkeling in bijna
10% van de gevallen aanwezig blijft. In de podoplanine mutanten was het myocardium van
de sinus venosus gebied in zijn geheel hypoplastisch: de sinoatriale knoop was klein, de
veneuze kleppen waren kort en het myocardium van het boezemtussenschot en de wanden
van de long- en cardinaalvenen waren dun. Vooral het myocardium rondom de twee laatst
genoemde venen lieten veel onderbrekingen zien.

In Hoofdstuk 5 hebben wij aangetoond dat in het gebied van de sinus venosus, afkomstig
uit het posterior heart field, niet alleen tot de vorming en differentiatie van het myocardium
bijdraagt maar dat het ook een rol speelt in de ontwikkeling van de gladde spiercellen in de
wand van de longvenen en de linkerboezem. De verstoorde bijdrage van het posterior heart
field in de podoplanine knockout muizenembryo’s leidt tot abnormale ontwikkeling van het
myocardium en van de gladde spiercellen in het sinus venosus gebied.

Hoofdstuk 6 geeft een uitgebreid overzicht van de ontwikkeling van het geleidingssysteem en
de rol van het posterior heart field daarin. Verschillende markers van het geleidingssysteem
worden besproken aan de hand waarvan het geleidingsysteem kan worden bestudeerd.
Ook wordt aandacht besteed aan de rol van podoplanine in de ontwikkeling van het
geleidingssysteem en de klinische consequenties wat betreft het mogelijke ontstaan van
ritmestoornissen in het sinus venosus gebied.
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Hoofdstuk 7 presenteert ondersteunende gegevens voor de resultaten van de bovenstaande
studies door het bestuderen van een nieuw gen met betekenis voor de hartontwikkeling. Wij
beschrijven de rol van de transcriptiefactor Specificity protein 3 (Sp3), een second heart field
gen dat betrokken is bij de ontwikkeling van de veneuze pool van het hart. Dit hoofdstuk geeft
extra inzicht in de rol van epicardium en epicardium-afgeleide cellen (EPDCs) in myocardium
differentiatie.

Wij besluiten in Hoofdstuk 8 met een uitgebreide samenvatting en een algemene discussie

over de rol van podoplanine en Sp3 in de ontwikkeling van de veneuze pool uit het posterior
heart field zoals vermeld in Hoofdstukken 2 tot en met 7 van dit proefschrift.
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