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6 SCOPE OF THE THESIS

Scope of the thesis

Of every 1000 live births, 6 children are born with mild to severe cardiac defects  [1 
Hoffman, JI (2002)]. Despite this relative high number of congenital cardiac defects, in 
many cases a genetic cause underlying the observed defects has not been found. It is our 
belief that a better understanding of the molecular mechanisms underlying normal heart 
development will help to identify new genes involved in congenital heart diseases and 
enable preventive screening.
The analysis of knockout mice, i.e. mice in which a gene has been incapacitated, have 
been proven to be extremely valuable to unravel the molecular mechanisms of a variety 
of biological processes including the development of the heart  [2 Doetschman, T (2012)]. 
In this thesis we describe the generation and characterization of a knockout mouse in 
which the Follistatin-like 1 (Fstl1) gene is functionally disrupted. Previous research in our 
laboratory has shown that Fstl1 is specifically transcribed in the connective tissue of the 
heart  [3 Lombardi, MP (2003)], [4 van den Berg, G (2007)]. Analysis of the role of Fstl1 in 
heart development is therefore of interest given the important functions of the connective 
tissue component of the heart encompassing the atrioventricular (AV) insulation and the 
development of the valves. Since Fstl1 also is expressed in the connective tissue component 
of many other tissues we have extended our analysis of the Fstl1 knockout mouse model to 
other tissues as well as specified below.
Chapter 1 provides an overview of normal heart development; we discuss the major steps 
involved in the development of the human heart. Chapter 2 reviews the literature on 
the role of Fstl1 on vertebrate development. As mentioned above, Fstl1 is expressed in 
the heart and in many other tissues, including the developing skeleton. Interestingly, the 
developmental mechanisms identified in cardiac connective tissue share many similarities 
to those of the skeleton  [5 Lincoln, J (2006)], perhaps best demonstrated by animals like the 
otter, which actually have bones in their hearts  [6 Egerbacher, M (2000)]. In Chapter 3 the 
generation and initial characterisation of the Fstl1 knockout mice is described. These mice 
die at birth due to respiratory impairment. Moreover, we found severe skeletal defects in 
the Fstl1 knockout mice. Given the similarities in the development of the connective tissue 
component of the heart and the skeleton, we decided to study skeletal development in 
more detail as described in the chapters 3 to 5. In Chapter 4 we describe the role of Fstl1 
in the development of the tendons of the forearm. We identified Fstl1 as a novel TGFβ-
induced factor involved in tendon development that functions independently from the 
known tendon regulating TGFβ-Scleraxis pathway. In Chapter 5 we investigated whether 
patients with skeletal defects, similar to the defects found in Fstl1 KO mice, have a causal 
mutation in the FSTL1 gene. In 15 patients suffering from various diseases, no mutations or 
copy number variations for FSTL1 were identified. However, we discuss that other diseases 
remain candidates for FSTL1 screening.
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In Chapter 6 a novel role for the cardiac connective tissue in regulating the electrical 
impulse conduction from the atria to the ventricles was identified. Fstl1 expressed by 
endocardium-derived cells of the cardiac connective tissue component regulated the 
atrioventricular (AV) conduction velocity. The effect of Fstl1 on AV conduction velocity was 
independent of the morphology of the AV connection and the insulation of the conduction 
system. In vitro and in vivo experiments further showed that Fstl1 is downstream of TGFβ 
signaling. Moreover, we identified a DNA regulatory element in the Fstl1 locus that drives 
gene expression in the endocardium-derived connective tissue of the embryonic heart.
In Chapter 7 we demonstrated how persistence of an embryonic expression pattern of 
ion channels renders the right ventricular outflow tract vulnerable to the occurrence of 
arrhythmias, partly explaining the preferential occurrence of arrhythmias in this area as 
seen in Brugada syndrome patients. 
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1
Development of the Human Heart

Marc Sylva, Maurice JB van den Hoff and Antoon FM Moorman 

Department of Anatomy, Embryology & Physiology, Academic Medical Center, Meibergdreef 15, 1105 AZ 

Amsterdam, The Netherlands

Abstract
Molecular and genetic studies around the turn of this century have revolutionized the field of cardiac development. 

We now know that the primary heart tube, as seen in the early embryo contains little more than the precursors 

for the left ventricle, whereas the precursor cells for the remainder of the cardiac components are continuously 

added, to both the venous and arterial pole of the heart tube, from a single center of growth outside the heart. 

While the primary heart tube is growing by addition of cells, it does not show significant cell proliferation, until 

chamber differentiation and expansion starts locally in the tube, by which the chambers balloon from the primary 

heart tube. The transcriptional repressors TBX2 and TBX3 locally repress the chamber-specific program of gene 

expression, by which these regions are allowed to differentiate into the distinct components of the conduction 

system. Molecular genetic lineage analyses have been extremely valuable to assess the distinct developmental 

origin of the various component parts of the heart, which currently can be unambiguously identified by their 

unique molecular phenotype. Despite the enormous advances in our knowledge on cardiac development, even 

the most common congenital cardiac malformations are only poorly understood. The challenge of the newly 

developed molecular genetic techniques is to unveil the basic gene regulatory networks underlying cardiac 

morphogenesis.
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Introduction

In the last decades the field of cardiac development has been revolutionized, rendering 
many views on cardiac development from the nineties and further back obsolete. The 
idea of a heart tube, containing all the future components, that just needed to grow, has 
been shattered by molecular lineage tracing and cell division studies. A pool of rapidly 
proliferating precursor cells outside the heart will give rise to most of the adult heart. Three 
dimensional reconstructions of human and mouse embryos, stained for key molecules in 
heart development, provided extra insight into this process. While textbooks are currently 
beginning to incorporate the new findings in cardiac development, an overview on cardiac 
development discussing the major novelties of the last 15 years is highly needed for anyone 
studying inborn defects. We will discuss the major steps of cardiac development focusing 
on growth, formation of primary and chamber myocardium and the development of the 
cardiac electrical design.
In the full grown adult, a system of parallel circulations exists. Oxygen-deprived blood 
from the body enters the heart at the right atrium and is propelled by the right ventricle 
towards the lungs. The oxygenated blood, in turn, enters the heart at the left atrium and 
is pumped by the left ventricle via the aorta into the systemic circulation. The different 
components of the heart ensure an efficient contraction-relaxation cycle of the atria and 
the ventricles (Figure 1). The sinus node situated at the roof of the right atrium generates 
the electrical impulse that travels through the atria. When the activation front reaches the 
atrioventricular node, conduction is delayed. Then the front travels from the node via the 
fast-conducting bundles and bundle branches to reach the peripheral conduction system 
of the ventricles, the Purkinje fibers. The rapid propagation of the electrical current in 
the ventricles ensures that the entire ventricular mass contracts simultaneously, allowing 
efficient propulsion of the blood.
In small invertebrates, the distances between the environment and their cells are small 
enough to cope without a circulatory system. With the increase in size and activity of an 
organism, a circulatory system is required for the delivery of nutrients, and removal of 
wastes. It is, therefore, of no surprise that the heart, an organ shared in species varying 
from worms to man, is the first organ to function during embryonic development. 
The rhythmically contracting pharynx of nematodes, such as Caenorhabditis elegans, might 
be interpreted as the most primitive form of a heart. Cardiac transcription factors, like NK2 
homeobox 5 (NKX2.5) or myocyte enhancer factor 2 (MEF2) homologues, are expressed in 
the pharynx muscles of these nematodes. Transcription factors of the NKX2, MEF2, GATA 
binding protein (GATA), T-box and heart and neural crest derivatives expressed transcript 
(HAND) family proved to be involved in cardiac development, ranging from the tubular 
hearts observed in the fruit fly Drosophila melanogaster to the four-chambered human 
heart  [7 Olson, EN (2006)]. Often these factors were first identified in Drosophila before 
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their role in vertebrate heart development was demonstrated  [8 Bodmer, R (1993)].
In most fish, the phylogenetically oldest vertebrates, the heart is composed of two 
chambers, a collecting atrium and an ejecting ventricle (Figure 1). During evolution, 
from lungfish onward, a lung formed by means of a sac bulging out of the foregut and 
the circulatory system acquired an extra component, the pulmonary circulation. The 
capillary network surrounding the lung is supplied with blood from the gill arteries. The 
lungfish’s atrium is divided into two parts, in the right component the systemic blood flow 
empties, the left component is connected to the pulmonary veins. Although the heart 
is anatomically not completely septated, the blood flow is functionally divided into a 
systemic and pulmonary circulation. The hearts of amphibians and reptiles have a similar 
anatomical configuration, allowing these animals to change blood volumes, but not 
pressures, between the pulmonary and systemic circulation. In birds and mammals the 
heart is anatomically fully separated into four-chambers, which permits these species to 
vary pressure, but not volume  [9 Randall, DJ (1970)].

Figure 1. The vertebrate circulatory system. 
Panels A-A’ depict two types of circulation, panel A shows the serial circulation, as seen in fish and mammalian embryos, which, 
however, receive oxygen through the umbilical vein from the placenta rather than through the gills. Panel A’ depicts the parallel 
circulation as found in mammals. Panel B represents a schematic drawing of a human heart with the non-myocardial tissues in 
yellow, the working myocardium in blue and in black the myocardium of the conduction system. Abbreviations: SCV: superior 
caval vein; ICV: inferior caval vein; CS: coronary sinus; PV: pulmonary vein; SN: sinus node; AVN: atrioventricular node; BB: bundle 
branches; MB: moderator band; RA: right atrium; LA: left atrium; RV: right ventricle; LV: left ventricle.
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Formation and growth of the linear heart tube 

Origin of the cardiac mesoderm

Like all other cardiovascular components, the heart largely is a mesodermal derivative, 
albeit that some parts of the heart, such as the cushions of the outflow tract, have a 
contribution of the ectoderm-derived cardiac neural crest. Early in human development, 
at Carnegie Stage (CS) 8, equivalent to 3 weeks of human development (Table 1), when 
the embryo is a flat tri-laminar disc, the cardiac precursors reside in two symmetrical parts 
of the mesoderm, lateral to the stomatopharyngeal membrane, the future mouth (Figure 
2A-B). The mesoderm is divided by the intra-embryonic coelom into a somatopleuric layer 
facing the ectoderm, and a splanchnopleuric layer facing the endoderm. The latter portion 
of the mesoderm gives rise to the heart. The bilateral precursor pools unite in the midline, 
cranial to the stomatopharyngeal membrane, forming the cardiac crescent  [10 Moorman, 
AFM (2007)], [11 Sizarov, A (2011)] (Figure 2B). 
The differentiation of the cardiac crescent into cardiomyocytes is dependent on signals 
derived from the adjacent endoderm. Agonists and antagonists of the Bone Morphogenetic 
Protein (BMP), Fibroblast Growth Factor (FGF) and Wingless Type (WNT) families of 
growth factors are expressed by the endoderm and ectoderm in a complementary fashion 
resulting in a unique signaling environment at the endodermal side, which drives cardiac 
differentiation  [12 Harvey, RP (2002)]. At this stage already, the cardiac crescent can 
be identified by the presence of many cardiogenic transcription factors, and even some 
sarcomeric genes  [13 Somi, S (2004)].
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Figure 2. Folding of the embryo and formation of the heart tube. 
The embryo starts as a flat disc (Panels A,B), containing the three germ layers, the ectoderm (Ecto), mesoderm (Meso) and 
endoderm (Endo). The mesoderm adjacent to the endoderm, between the future transverse septum (TS) and the future 
pharyngeal mesoderm (PM), will give rise to the heart. The outer lining of the flat disc is termed the navel ring and forms the 
outer lining of the future umbilicus. Panel A-A’’’. With ongoing folding of the embryo the embryonic gut that runs from the 
stomatopharyngeal membrane (SM) to the cloacal membrane (CM) is formed. The heart (HT) becomes positioned ventrally to 
the foregut (FG) caudally to the head and cranially to the umbilical cord and transverse septum. Panel B displays the division of 
the heart-forming field into two (sub)fields, the first heart field (1), which will give rise to the linear heart tube and the second 
heart field (2), which will remain in continuity with the first heart field during subsequent development, and adds cardiomyocytes 
to the developing heart. Note that the strict borders drawn here in reality are gradual. Panel C through G display the formation 
of the heart tube from a flat horseshoe-shaped cardiac crescent, to a gully of cardiac mesoderm eventually forming a tube by 
merging at the back side of the heart. The connection of the heart to the dorsal body wall is termed the dorsal mesocardium 
(DM). The heart tube (grey) forms by addition of cells from the flanking splanchnic mesoderm (yellow). Red line: peripheral 
border; blue line: central border. After closure of the dorsal mesocardium, cells of the second heart field can only be added 
to the heart via the arterial and venous poles (AP and VP). Panels H and I show a Tbx2 lineage tracing demonstrating that the 
ventricular (V) cells at E9.5, that do not express Tbx2, eventually contribute to the ventricular septum, which has not recombined 
(Panel I). The left ventricular (LV) free wall and the entire right ventricle (RV) are derived from cells that once expressed Tbx2 
and thus were primary myocardium as in the atrial floor (AF), atrioventricular canal (AVC) or outflow tract (blue color). Panel J 
displays the quantification of cell proliferation in the CS10 human embryo, displayed in panels G’ and G’’, based on staining with 
the proliferation marker Ki67. High proliferation is seen in the extracardiac splanchnic mesodermal pool of precursor cells. The 
colors depict the percentage of Ki67-positive cells; the dotted line depicts the border between myocardium and the splanchnic 
mesoderm. Abbreviations: RA: right atrium LA: left atrium. Modified from  [11 Sizarov, A (2011)],  [18 Aanhaanen, WT (2009)], 

[10 Moorman, AFM (2007)]
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Table I. Stages of human development with corresponding events in cardiac development.
A time line of events taking place in human cardiac development is summarized. Data was obtained from  [104 Arraez-Aybar, LA 
(2008)], [97 Oostra, RJ (2007)], [105 O’Rahilly, R (1987)]

Carnegie stage Human DPC Mouse DPC

CS8 17-19  7 The cardiac crescent forms
CS9 19-21  7.5 The embryo folds, the pericardiac cavity is placed in its final position, 

gully of myocardium forms,  the endocardial plexus forms, cardiac jelly 
forms

CS10 22-23  8 The heart beats, the endocardial tubes fuse, the mesocardium perfo-
rates, looping starts, the ventricle starts ballooning

CS11 23-26  8.5 The atria balloon, the pro-epicardium forms
CS12 26-30  9.5 The septum primum appears, the right venous valve appears, the mus-

cular part of  the ventricular septum forms, cells appear in the cardiac 
jelly, the epicardial growth starts.

CS13 28-32  10.5 The atrioventricular-cushions form, the pulmonary vein attaches to the 
atrium, the left venous valve appears, epicardial mesenchyme appears 
first in the atrioventricular sulcus.

CS14 31-35  11.5 The atrioventricular-cushions approach one another, the outflow ridges 
become apparent, capillaries form in the epicardial mesenchyme

CS15 35-38  12 The atrioventricular  cushions oppose one another, the secondary fo-
ramen forms, the distal outflow tract septates the outflow tract ridges 
reach the primary foramen.

CS16 37-42  12.5 The primary atrial septum closes, the ouflowtract ridges approach the 
interventricular septum. The entire heart is covered in epicardium

CS17 42-44  13.5 Secondary atrial septum appears, the sinus node becomes discernable, 
the left and right atrioventricular connection becomes separate, the 
proximal outflow tract becomes septated, the semilunar valves develop.

CS18 44-48  14.5 Pappilary muscles appear, the atrioventricular valves start to form
CS19 48-51  15 The left venous valve fuses with the secondary septum, the mural leaf-

lets of the mitral and tricuspid valve are released.
CS21 53-54  16 The main branches of the coronary artery become apparent
CS22 54-56  16.5 The chorda tendinae form
CS23 56-60  17.5  The septal leaflet of the tricuspid valve delaminates

Folding of the embryo and formation of the heart tube
As development progresses, during CS9, the flat embryo starts to fold. Folding of the cranial 
part of the embryo into ventro-caudal direction brings the heart-forming region in its final 
position (Figure 2A-A’’’). The cardiac precursors are initially situated anterior (cranial) and 
lateral to the stomatopharyngeal membrane (the future mouth), but posterior (caudal) 
from the mesoderm that forms the transverse septum, which contributes to the formation 
of the diaphragm. During the process of folding the cardiac precursors end up between the 
mouth at the cranial side, the diaphragm at the caudal side, and ventral to the foregut, as 
in the adult situation. 
By folding of the embryo, the lateral parts of the cardiac mesoderm are brought together, 
forming the ventral part of the heart tube. The inner curvature of the cardiac crescent 
forms the dorsal side of the tube, and is contiguous with the dorsal mesocardium, the 
attachment of the heart to the body wall. The horseshoe-shaped cardiac crescent forms 
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a tube with two caudo-lateral inlets, or venous pole, and one cranio-medial outlet, or 
arterial pole (Figure 2 C-G).
The peripheral part of the cardiac crescent will eventually face the transverse septum and 
forms the venous pole of the heart, whereas the central part of the crescent, which forms 
the outflow tract, is contiguous with the pharyngeal mesenchyme  [14 Lescroart, F (2010)]
(Figure 2B). This intimate association of the cardiac and facial region during development 
might explain the high incidence of combined cardiac and facial malformations.

Growth of the heart via addition of cells
The linear heart tube manages to grow, despite the lack of proliferation in the 
cardiomyocytes, but does so by the addition of newly differentiated cardiomyocytes, 
derived from the surrounding mesoderm. Proliferation studies in chicken revealed that a 
pool of rapidly proliferating cells is present at the venous pole of the heart  [15 van den 
Berg, G (2009)]. Labeling of these cells with fluorescent dyes demonstrated that cells from 
this proliferating pool migrate into the heart tube and differentiate into cardiomyocytes at 
all places where the myocardium is attached to the body wall, i.e. at the venous and arterial 
poles, as well as at the dorsal mesocardium. After rupture of the dorsal mesocardium, at 
CS10, cells can only be added to the heart at the venous and arterial poles (Figure 2F-G). 
Mouse and human cardiac development display a similar course, with a highly proliferative 
precursor pool in the dorsal pericardial wall, or splanchnic mesoderm, and a significantly 
lower proliferative cardiac tube  [11 Sizarov, A (2011)], [16 de Boer, BA (2012)] (Figure 2J). 
In experimental studies using mice and chicken embryos it was shown that cells that initially 
reside in the outflow tract eventually end up in the right ventricle, whereas newly added 
cells, form the outflow tract  [17 Kelly, RG (2001)]. Cells, initially forming the embryonic 
left ventricle, end up in the ventricular septum of the formed heart  [18 Aanhaanen, WT 
(2009)] (Figure 2H,I). Cells that are added later at the venous pole of the heart form the 
left ventricle and atria. Therefore, the identity of a cardiomyocyte is not fixed and depends 
on its location in the developing heart. The stop of cell division of the initially formed 
cardiomyocytes is a reversible event. With the development of the chambers, a subset of 
cardiomyocytes re-enters the cell cycle and starts to proliferate again. 
In many textbooks the linear heart tube is described as a segmented structure, already 
containing all the compartments of the adult heart, which just needed to grow. At the turn 
of this century, several studies demonstrated that the heart grows by gradual addition 
of cells  [19 Mjaatvedt, CH (2001)], [17 Kelly, RG (2001)], [20 Waldo, KL (2001)], [21 Cai, 
CL (2003)]. This notion revolutionized the field, albeit, in retrospect, similar results were 
already obtained from chicken linage tracing experiments in the 1970’s  [22 De la Cruz, MV 
(1977)]. 
It has been proposed to divide the cardiac precursor pool into two groups of cells, cells 
that form the initial heart tube and cells that are added to this linear heart tube at a later 
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developmental stage  [23 Buckingham, M (2005)], [24 Dyer, LA (2009)], [25 Rochais, F 
(2009)]. These two populations are called the first and second heart field, respectively 
(Figure 2B). The cells of the second heart field are found medially to the first heart field in 
the cardiac crescent stage. Subsequent to folding of the embryo and the formation of the 
heart tube, the second heart field is located in the dorsal pericardial wall, producing the 
rapidly proliferating population of cells that are added to the heart tube. So far, there are 
no unambiguous molecular markers to distinguish both fields, albeit gradually differences 
develop at the cranial as opposed to the caudal site of the field. The new concept is of 
great value as this emphasizes growth of the heart by addition of cells from an extra-
cardiac precursor pool localized in the splanchnic mesoderm of the dorsal pericardial wall.

Endocardium
The inner lining of the heart, the endocardium, develops concomitantly with the 
cardiomyocytes within the heart field, during CS9, simultaneously with the formation of 
the linear heart tube. First a vascular plexus forms and unites into two hollow endocardial 
tubes, which, in turn, fuse to form a single tube (Figure 2E). Although the myocardial 
and endocardial progenitors develop in the same region, it has been demonstrated that 
individual cells differentiate either into endocardium or into myocardium, but not into both  
[26 Cohen-Gould, L (1996)]. Whether the cells that form the endocardium are intrinsically 
different from the future myocardial cells, or whether their location dictates their future 
phenotype, is unknown.
The endocardial cells lining the heart resemble the other endothelial cells that line all 
other blood vessels in the developing embryo. It is of no surprise that the molecular 
programs involved in the differentiation into endothelial or endocardial cells display many 
similarities  [27 Harris, IS (2010)]. However, the initial steps involved in the differentiation 
seem to be different, as mutant mice and zebrafish exist that have no endocardium, but 
show normal endothelial development. Moreover, in the developing endocardium, the 
cardiac transcription factor Nkx2.5 is shown to drive endothelial gene programs  [27 Harris, 
IS (2010)].

Taken together, studies on the growth of the linear heart tube revealed several major 
characteristics of cardiac growth. The linear heart tube grows not via division of myocytes, 
but by addition of cells from a proliferating pool of precursors. Secondly, when being added 
to the heart their fate is not fixed and their identity depends on their eventual location. 
The endocardium develops simultaneously with the myocardium and is a specialized 
endothelial cell type derived from the splanchnic mesoderm that via an unknown 
mechanism differs from the myocardial precursors.
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From one tube to four chambers

Building plan of the heart 
All cardiomyocytes 1) share the capability to contract, mediated by their sarcomeres 
and calcium supply from the sarcoplasmatic reticulum, 2) are capable of spontaneous 
depolarization, regulated by ion pumps and channels within their membrane, and 3) are 
electrically coupled to their neighboring cells, via gap junctions. Based on their strength 
of contractility, firing frequency, and conduction velocity, the cardiomyocytes can be 
subdivided into different groups (Figure 3).
The myocytes of the atrial and ventricular chambers are fast-conducting and have well-
developed sarcomeres, by which they can generate higher contraction forces compared to 
the primary myocardium of the linear heart tube. Nodal cardiomyocytes, in contrast, have 
a high frequency of automaticity and have poorly developed sarcomeres. They are poorly 
electrically coupled to one another and to the surrounding atrial cells, which allow them to 
build up an electrical charge to drive the depolarization of the chambers. Because the nodal 
cardiomyocytes are poorly coupled they are slow-conducting cells. The cells populating the 
bundle branches of the ventricular conduction system have an intermediate phenotype 
being equipped for fast conduction, but otherwise have a nodal phenotype  [28 Moorman, 
AFM (2003)].

Figure 3. Differentiation of the primary myocardium. 
Panel A shows a flow chart of the differentiation of primary and secondary myocardium into the different kinds of adult type 
myocardium. The upper table in panel B shows the characteristics of different kinds of myocardium, in terms of their contraction 
and electrophysiological behavior. The second table summarizes the expression pattern of different T-box transcription factors 
in different parts of the heart. Note that the primary myocardium always expresses either Tbx2, Tbx3, or both. Panel C shows 
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a schematic of the chamber-forming, or ballooning heart. The primary myocardium is indicated in grey and the secondary 
myocardium in blue, note the grey area at the top of the ventricular septum (white dotted line) that retains characteristics of the 
primary myocardium and will become the atrioventricular bundle. Abbreviations: IFT: inflow tract; AR: atrial roof; AF: 
atrial floor; AVC: atrioventricular canal; IC: inner curvature; LV: left ventricle; RV: right ventricle; OFT: outflow tract.

T-box transcription factors are key regulators of the fate of cardiomyocytes 
A family of transcription factors called T-box transcription factors plays a key role in the 
regulation of cardiomyocytes identity (Figure 3). They are expressed in different parts of 
the developing heart, thereby determining the electrical patterning of the heart. TBX5 
and TBX20 are expressed in most parts of the heart. TBX5 is expressed in a gradient from 
the venous pole to the right ventricle and is absent in the outflow tract. Both factors are 
important activators of the chamber program of gene expression. TBX2 and TBX3 function 
as repressors of the working myocardium gene program keeping the inflow tract, or 
venous pole, atrioventricular canal and outflow tract myocardium “primary”, allowing 
these regions to develop another fate. TBX1 is expressed in the outflow tract precursors of 
the heart and TBX18 is expressed at the venous pole.
Both mouse models and human diseases in which these genes are impaired reveal cardiac 
defects associated with the area in which they are expressed, showing their importance in 
cardiac development  [29 Plageman, TF, Jr. (2005)], [30 Boogerd, CJ (2009)].

The ballooning model of chamber formation
The myocardium of the tubular heart is called primary myocardium, and is composed of 
“primitive” or nodal-like cells. With the process of looping an S-shaped heart develops 
with inner and outer curvatures, during CS9-10 (see left right axis in heart development) 
(Figure 4). At the outer curvature of the heart differentiation along with re-initiation of 
cell division of the cardiomyocytes occurs, giving rise to the future ventricles (Figure 4). 
The same process of differentiation and proliferation occurs at the venous pole of the 
heart tube, by which the atrial appendices grow bilaterally (Figure 4). Although the atria 
are dorso-laterally formed, they eventually extend cranially at the left and right side of 
the outflow tract as in the formed heart (Figure 4 K). The differentiating and proliferating 
myocardium can be termed secondary or chamber myocardium. Via this process of 
differentiation and proliferation, the future chambers of the heart balloon from the 
primary heart tube (Figure 4 D,H,L). Histologically chamber formation becomes evident 
when the extensive extracellular matrix between endocardium and myocardium, known 
as cardiac jelly (see development of the valves) disappears and trabeculations become 
evident. The chamber myocardial cells start to express different genes like atrial natriuretic 
factor (ANF/ NPPA),(Figure 4 A-D) and the gap-junction protein connexin40 (CX40/ GJA5), 
allowing the formation of fast-conducting channels.
Whereas the ventricles and atria expand and differentiate, cells in the floor of the atrium, 
the atrioventricular canal, the inner curvature and the outflow tract maintain the features 
of the original primary heart tube (Figure 4 L). Parts of this primary myocardium will 
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differentiate into the nodal cells as present in the formed heart. 
As stated earlier it is important to appreciate that at these stages the heart still grows via 
addition of cells and that the identity of the cardiomyocytes changes with their position in 
the developing heart.

Figure 4. Formation of the cardiac chambers.
Panel A-D display a developmental series of mouse embryos; whole mount RNA in situ hybridization for the embryonic 
chamber marker atrial natriuretic factor (Anf) is used as a marker for differentiation into chamber myocardium. Schematic 
drawings of these chamber-forming hearts are shown in panels E-G and I-L. Grey: primary myocardium; blue: chamber-forming 
myocardium. The arrows in panel K indicates the expansion of the chambers eventually leading to the adult configuration, with 
the ventricles positioned ventero-caudally to the atria. Panel H shows an electron microscopic photograph of a CS14 human 
heart, demonstrating the similarity with the mouse E11.5 heart and the schematic shown in panel L. For didactic purposes, in the 
schematic in panel L, the outflow tract is hinged toward the right side, in vivo it is positioned ventrally to the heart, as depicted 
in panel D and H. Panels A,E,I. The heart tube (HT) consists from venous to arterial pole (VP, AP) solely of primary myocardium. 
Panels B,F,J. The first chamber to start ballooning is the embryonic ventricle (V) at the outer curvature of the heart. Panels C,G,K. 
The heart tube now has started to loop, and acquired an S shape. An embryonic left and right ventricle are now visible; also the 
atria (A) start to balloon, towards the left and right side; the myocardium of the outflow tract (OFT), inner curvature (IC), as well 
as the atrioventricular canal (AVC) remains primary myocardium. Abbreviations: RA: right atrium; LV: left ventricle; OFT: out flow 
tract. Modified from  [31 Christoffels, VM (2000)], [97 Oostra, RJ (2007)]

Atrial chamber formation
At the dorso-lateral sides of the primary heart tube the atrial chambers form in 
symmetrical fashion. The myocardium differentiates into working myocardium and starts 
to proliferate more rapidly than the surrounding primary myocardium, which results in 
the formation of two pouches: the future atrial appendices. The eventual morphology of 
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these two appendages is under control of left-right signaling (see left right axis in heart 
development). The developing atrial chamber myocardium, marked by the expression 
of working myocardium genes like ANF, is flanked by primary myocardium of the sinus 
venosus and atrioventricular canal  [31 Christoffels, VM (2000)] (Figure 4L). Downstream 
with respect to the blood flow, the atrioventricular canal myocardium separates the atria 
from the ventricles. Upstream, the primary myocardium of the sinus venosus separates 
the systemic veins from the atria. The initially formed atrial chamber myocardium only 
gives rise to the trabeculated, atrial appendices in the formed heart. All smooth-walled 
myocardium found in the full grown heart is added later during development.
Initially the veins draining to the heart are embedded in the mesenchyme at the venous 
pole of the heart. With ongoing development the connecting veins become “excavated” 
from this mesenchyme, by expansion of the pericardial cavity. In this way the common 
cardinal veins, which are the confluence of the left and right superior and inferior cardinal 
veins, become incorporated within the pericardial cavity. They become ensleeved by 
myocardium and this confluence of the systemic veins is then called sinus venosus, or left 
and right sinus horns. Eventually both sinus horns connect to the right atrium (Figure 5).
The right sinus horn becomes incorporated into the dorsal part of the full grown right 
atrium, and is termed sinus venarum. In human the left sinus horn becomes the coronary 
sinus, upon which the coronary venous circulation drains. The border between the atrial 
chamber myocardium and the sinus myocardium can be observed in the adult heart as the 
terminal crest. The valves flanking the orifices of the coronary sinus and inferior caval vein 
are termed Thebesian and Eustachian valves, respectively (Figure 5).
The formation of the myocardium surrounding the systemic and pulmonary venous return, 
are independent processes. Unlike the systemic venous connections the pulmonary vein 
develops and connects to the heart after the formation of the initial heart tube and start 
of chamber formation (Figure 6). Mesenchyme dorsal to the heart differentiates into a 
vascular plexus surrounding the embryonic foregut. At CS 13, the cranial component of this 
plexus connects as a solitary pulmonary vein to the heart through the dorsal mesocardium 
in the midline and cranial to the atrioventricular node (Figure 6E,F). Albeit the pulmonary 
venous return is a midline structure eventually the pulmonary vein will drain into the left 
atrium, because the primary atrial septum develops at the right side (Figure 6E, asterix), 
by which the midline structures, including the pulmonary vein, become incorporated into 
the morphologically left atrium. Subsequent to its connection to the forming left atrium 
the pulmonary vein and its bifurcations become ensleeved by myocardium (Figure 6A-
D), which differentiate de novo. The transcription factor paired-like homeodomain 2 
transcript variant c (PITX2c) plays a crucial role in the differentiation of the pulmonary 
vein myocardium. Interestingly, it does so at the left and the right side. Therefore, this 
transcription factor seems not to function as a mere laterality marker  [32 Mommersteeg, 
MTM (2007)]. During development, the muscularised pulmonary veins incorporate into 
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the left atrium, up to their second bifurcation, resulting into four pulmonary orifices in 
the left human atrium. The pulmonary myocardial sleeves do not extend to a great extent 
upstream of the pulmonary orifices and intermingle with fibrous tissue, which may be part 
of the cause of the frequent development of arrhythmias originating at the pulmonary 
orifices  [32 Mommersteeg, MTM (2007)]. In contrast, in adult mice, as in human embryos, 
there is only one pulmonary vein orifice, but three in sheep and camels  [33 Nathan, H 
(1970)]. In mouse the pulmonary myocardial sleeves extend up to the 5th bifurcation, the 
function of which has remained unknown as yet.

Figure 5. Formation of the venous pole. 
Panel A-F show cross-sections of 3D reconstructions of human hearts, myocardium is in grey, systemic veins in blue, pulmonary 
veins in orange and cardiac mesenchyme in yellow. Panel A,B depict the developing right and left atrium (RA, LA), the right atrium 
is connected to both the right superior (RSCV) and inferior caval vein (ICV) as well as the left superior caval vein (LSCV), via the 
coronary sinus (CS). The entire systemic venous pole is connected to the right atrium through one orifice, flanked by the left and 
right venous valves (LVV and RVV), at this stage. The primary septum (PS) is growing right from the opening of the pulmonary 
vein (PV). In panel C,D the right superior caval vein and coronary sinus are still connected to the atrium via a single orifice, which 
has now been muscularised, the secondary foramen(SF), appears in the primary septum. Panel E,F show that all veins connect 
separately to the atrium, via myocardialized orifices. The primary atrial foramen (PAF) is closed and the secondary septum (SS) is 
growing between the left venous valve and the primary septum, being already partially fused to the secondary septum. The right 
venous valves can now be separated in a part that flanks the coronary sinus and a part that flanks the right superior caval vein, 
the future Thebesian and Eustachian valves respectively. Abbreviations: OF: oval foramen. Modified from [98 Sizarov, A (2010)]
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Figure 6. Development of the pulmonary vein from a Nkx2.5 positive precursor pool. 
Panels A-D show 3D reconstructions of the dorsal side of the right and left atrium (RA, LA). In blue the systemic venous return 
is depicted, composed of the right and left sinus horn (RSH, LSH) The developing pulmonary vein (PV) (in orange), becomes 
myocardialised (in grey) after connecting to the left atrium (LA). In panels E, F the pulmonary vein is about to connect to the atria, 
right to this connection the primary septum will develop (asterix). In panels G, H the Nkx2.5 lineage is shown in blue and the 
myocardium in brown. Note that the left and right sinus horns are composed of myocardium, yet are not derived from the Nkx2.5 
lineage. The pulmonary vein and its surroundings are derived from the Nkx2.5 lineage. Abbreviations: AVC: atrioventricular 
canal; RV: right ventricle; FG: fore gut Modified from [32 Mommersteeg, MTM (2007)], [99 Soufan, AT (2004)] EM photos were a 
generous gift of Prof. N. Brown

Formation of the ventricles
At the outer curvature of the looped heart tube of CS10 the ventricles form by reinitiating 
proliferation, along with the start of a “chamber program of gene expression”, encompassing 
the expression of the hallmark genes CX40 and ANF (Figure 2 and 4)  [28 Moorman, AFM 
(2003)]. Initially a spongy, or trabecular type of myocardium develops. The trabecules 
grow by addition of cells at their base, by which the forming ventricle expands, or balloons 
exteriorly  [16 de Boer, BA (2012)]. It is important to appreciate that the trabecules do not 
grow towards the lumen. If this were the case, the ventricle would not grow and would 
become filled with a mass of trabecules.
How the left and right ventricles obtain their different morphology is not understood, 
as yet, albeit some differences between the left and the right ventricle in terms of gene 
expression are known. For instance the cardiac transcription factor TBX5 is expressed in a 
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gradient tapering off toward the right ventricle  [34 Takeuchi, JK (2003)]. Two reporter mice 
harboring a LacZ gene regulated by elements surrounding either Myosin light chain 1 or 
Myosin light chain 3 gene show expression in either the left or right ventricle, respectively  

[35 Franco, D (2006)]. As will be discussed later, left-right signaling seems not to play a 
major role in the development of the distinct morphology of the left and right ventricles, 
which is to be expected because the right and left ventricle initially develop along the 
cranio-caudal axis of the embryo.
The initially formed ventricular chamber myocardium has, in its entirety, a trabecular 
phenotype. The compact layer only develops later, at CS14, under influence of the 
epicardial-derived fibroblasts, the interaction of which with the trabecular myocardium 
induces a cascade of proliferation and differentiation resulting in the formation of the 
compact ventricular layer  [36 Ieda, M (2009)], [37 Lavine, KJ (2005)]. 
Embryos in which the pro-epicardium is removed, or in which the formation of epicardium 
is impaired, do not form a compact myocardial layer, leading to early embryonic death ( 

[38 Perez-Pomares, JM (2002)], [39 Yang, JT (1995)], [40 Kwee, L (1995)]). Compaction is 
thus not a process by which trabeculated myocardium becomes compact, but primarily a 
process by which the myocardium at the epicardial side of the ventricular wall proliferates 
to form the compact layer. When the compact outer layer starts to form, proliferation 
in the ventricular trabeculations ceases. This is at a stage that the heart is hardly more 
than a few millimeters, which makes it clear why the trabeculated myocardium, albeit 
retaining its original thickness, becomes inconspicuous in the adult heart  [41 Christoffels, 
VM (2009)] (Figure 7). Interestingly, the early markers of chamber formation ANF and 
CX40 remain restricted to the original trabeculated myocardium, whereas, the compact 
ventricular layer does not express these markers  [11 Sizarov, A (2011)].

Taken together, the heart is composed of cardiomyocytes that differ in three basic 
characteristics, being conduction, contraction and automaticity. Tbox transcription factors 
play a crucial role in the regulation of these differences. Cardiac chambers develop by 
proliferation and differentiation in localized areas of the primary heart tube, a process 
called ballooning. The trabeculated myocardium of the atrial appendages in the formed 
heart is derived from the initially ballooned atrial chambers, whereas the smooth walled 
part of the atria develops from the myocardium formed along the connecting veins. The 
ventricles develop at the outer curvature of the heart tube, initially forming trabeculated 
myocardium. Proliferation ceases in the trabeculated myocardium at the luminal side, 
along with an increase of proliferation at the pericardial side, by which the compact 
myocardium forms.
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Figure 7. Development of the compact myocardium.
This figure shows a developmental series of mouse hearts stained for the expression of Cx40 mRNA and photographed at equal 
magnifications. Subsequent to an initial growth the trabecular myocardium no longer expands, whereas the compact myocardium 
continues to grow and will increase in size relative to the inner trabecular layer. Modified from  [100 Christoffels, VM (2009)]
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Building the ECG

The earliest ECG recordings
For efficient propulsion of blood, a coordinated contraction of the heart is required. In 
the early primary heart tube, at CS9-10, the depolarizing impulse travels slowly from 
the venous to the arterial pole of the heart, resulting in a matching peristaltic wave of 
contraction, which ensures a unidirectional flow of blood. At this stage the ECG has a 
sinusoidal morphology  [42 Hoff, EC (1939)], [43 Christoffels, VM (2010)] (Figure 8). 
When chamber formation starts around CS10, or about 3 weeks of human development, 
the myocardium of the newly formed chambers conducts the depolarizing wave faster 
than the primary myocardium  [44 de Jong F. (1992)]. The myocardium flanking the 
chambers, at the venous pole, atrioventricular canal and outflow tract, retains its primary 
phenotype, preventing backflow of blood (see development of the valves). The alternating 
fast and slow conduction in the chamber-forming heart, can be registered in an ECG, which 
resembles that of the formed heart  [42 Hoff, EC (1939)] (Figure 8H-J). Of note, solely by 
virtue of the arrangement of different types of cardiomyocytes, an adult-like ECG with 
atrioventricular delay can be obtained, whereas neither, electrical insulation by connective 
tissue, nor differentiated nodes and conduction system, are present at this stage.

Figure 8. Development of the conduction system. 
Panels A-E show 3D reconstructions of the adult and E12.5 mouse conduction system. The molecular phenotype of the primary 
myocardium remains to be expressed in the atrioventricular region of the adult heart, termed the atrioventricular ring (AVR); the 
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compact atrioventricular-node (AVN) is clearly discernible from the atrioventricular ring tissue by a distinctly more pronounced 
expression of the primary myocardial gene program. The entire atrioventricular canal myocardium is insulated by connective 
tissue (CT) except for the connecting atrioventricular bundle (AVB), which penetrates the plane of insulation and connects the 
atrioventricular node via the bundle branches (BB) and peripheral conduction system (Purkinje fibers) to the ventricles. In panels 
D-E’ a 3D reconstruction of the conduction system marker Tbx3 in an E12.5 mouse heart is depicted. The original pattern of Tbx3 
expression is preserved in the adult stage, where near the aorta (Ao) a ventral part of the bundle, still can be seen at adult stages. 
Note the moderator band (MB) already marked by Tbx3 at ED12.5. Panels F-G show a schematic drawing of the development of 
the sinus node from an Nkx2.5-negative, but Tbx18-positive precursor pool. Panel F depicts the situation as before E9.5  and panel 
G depicts the situation at E9.5-14.5. The dashed lines represent the borders in expression for Pitx2c and Nkx2.5 transcription 
factors. Hcn4 expression is observed in the entire systemic venous system. The fast conducting Cx40 is expressed in the atrial 
working myocardium (dark blue). The sinus horn (RSH/LSH) myocardium is in grey and the mesenchyme connected to the venous 
pole is in yellow.  In panels H-J embryonic chicken hearts with corresponding ECGs are shown, in the linear heart tube (panel H) 
when all the myocardium is still primary, a sinusoidal ECG is obtained, after chamber formation has commenced, and thus both 
chamber and primary myocardium are present, an adult like ECG can be obtained. Abreviations SN: sinus node; RA: right atrium; 
LA: left atrium; AP: arterial pole; VP: venous pole; A: atrium; AVC: atrioventricular canal; V: ventricle; OFT: outflow tract. Modified 
from: [53 Aanhaanen, WT (2010)]  [43 Christoffels, VM (2010)], [101 Seidl, W (1981)]

The sinus node
From the first beat of the heart tube onward to the last beat of the adult heart, the 
electrical impulse travels from the venous to the arterial pole. Thus, dominant pacemaker 
activity always is at the venous pole of the heart. Since the heart grows by addition of 
cells during development, the most recently differentiated cells, added at the venous pole 
always possess dominant pacemaker activity.
The sinus node develops in the myocardium added at the venous pole of the heart (Figure 
8F,G, Figure 3A). A conspicuous feature of this sinus myocardium is the absence of the key 
cardiac transcription factor NKX2.5, which, in turn, is under control of the transcription 
factor short stature homeobox 2 (SHOX2). Loss of SHOX2 results in ectopic NKX2.5 
expression, hypoplasia of the sinus myocardium and bradycardia in mice  [45 Blaschke, RJ 
(2007)]. In agreement with these observations ectopic expression of SHOX2 results in a 
decrease of NKX2.5 expression, whereas overruled SHOX2 inhibition, by over-expression 
of NKX2.5, results in hypoplasia of the sinus node  [46 Espinoza-Lewis, RA (2009)]. Thus, 
the absence of NKX2.5 is a prerequisite for normal sinus node development.
The sinus myocardium is further characterized by the expression of TBX18. Lineage tracing 
experiments of TBX18-expressing cells have revealed that the entire sinus myocardium is 
derived from TBX18 positive cells  [47 Mommersteeg, MT (2010)]. In the absence of TBX18 
the sinus node develops hypoplastically  [48 Wiese, C (2009)] (Figure 8 F,G). 
The transcriptional repressor TBX3 also is expressed in the developing sinus myocardium, 
albeit only at the right side (Figure 8D,E). TBX3 prevents chamber formation by repressing 
the chamber-specific gene program. In the adult stage the sinus node still expresses TBX3, 
and, when overexpressed in adult atrial working myocardium, ectopic pacemaker function 
can be observed  [49 Hoogaars, WM (2007)].
Thus, a gene regulatory network involving TBX18, SHOX2-mediated repression of NKX2.5 
expression, and TBX3 inhibition of chamber formation, underlies the development of the 
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sinus myocardium, in which eventually the sinus node will develop. Initially the entire 
sinus myocardium expresses this program, which, among others results in the expression 
of the ion-channel hyperpolarization-activated cyclic nucleotide-gated potassium channel 
4 (HCN4). HCN4 is responsible for the spontaneous depolarizing “funny” current, a major 
component of pacemaker activity. With subsequent development this gene program 
becomes restricted to the sinus node proper via an as yet unknown mechanism and the 
remainder of the sinus venosus will differentiate into smooth-walled atrial myocardium 
upon activation of Nkx2.5 expression.

Pulmonary venous myocardium differs from systemic venous myocardium.
The pulmonary veins are often the source of ectopic depolarization in atrial fibrillation  

[50 Haïssaguerre, M (1998)], [51 Postma, AV (2009)]. A direct developmental link between 
the pace-making precursors of the sinus node and the pulmonary venous myocardium, 
however, cannot be made. The pulmonary vein myocardium differs fundamentally from 
the sinus venosus myocardium in both origin and transcriptional control. Genetic lineage 
tracings have demonstrated that pulmonary vein myocardium has a different origin than 
the sinus myocardium, and differentiates, de novo, after connecting to the developing atria  

[32 Mommersteeg, MTM (2007)] (Figure 6 G,H). In addition, the genetic programming of 
the pulmonary myocardium differs from the one in the sinus venosus myocardium. NKX2.5 
is expressed in the pulmonary vein mesenchyme prior to myocardial differentiation, 
and sinus venosus markers such as TBX18 are never expressed in this myocardium. So, 
although in disease the pulmonary vein myocardium displays high automaticity, like the 
sinus venosus myocardium during development, the two structures differ fundamentally 
based on lineage and genetic programming.

Atrioventricular node
As described above the myocardium of the atrioventricular canal, maintains its primary 
phenotype, owing to the repressive action of the transcription factors TBX2 and TBX3  

[43 Christoffels, VM (2010)] (Figure 3). These, in turn, are induced by the BMP-signaling 
pathway, via a complex mechanism involving another T-box transcription factor, TBX20  [52 
Singh, R (2009)]. In contrast to the sinus node, NKX2.5 is expressed in the atrioventricular 
canal myocardium. Also the ion channel HCN4 is expressed in the atrioventricular node, 
but not the fast-conducting connexin, CX40, explaining its high automaticity but slow 
conduction. 
Also the atrioventricular bundle and bundle branches express the transcriptional repressor 
TBX3, but nonetheless express CX40, allowing the bundles to conduct fast. A lineage 
analysis of this region has shown that the atrio-ventricular node, is derived from atrio-
ventricular canal myocardium, whereas the atrio-ventricular bundle, as well as the bundle 
branches are derived from ventricular myocardium  [53 Aanhaanen, WT (2010)] (Figure 
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8A-C). 
In principle the electrical properties of the atrioventricular canal myocardium suffice 
to guarantee proper atrioventricular delay. This is indeed the case in hearts of lower 
vertebrates and in the embryonic hearts of birds and mammals  [54 Jensen, B (2012)]. In 
the formed avian and mammalian hearts, however, the atria and ventricles are isolated 
by an insulating plane of fibrous tissue, with the atrioventricular node and bundle being 
the only connection between the atria and the ventricles. This might be interpreted as 
adding another layer of safety to the electrical design of the mammalian heart, preventing 
ventricular tachycardias.

Peripheral ventricular conduction system
Subsequent to propagation of the electrical impulse through the bundle branches the 
Purkinje fibers of the formed heart transmit the depolarizing wave toward the ventricular 
working myocardium via an endo- to epicardial front of activation. The ventricular 
conduction system is able to conduct fast by virtue of the fast-conducting gap junctions, 
composed of CX40 and gap junction protein, alpha 1 (GJA1/CX43).
Early in development, when no Purkinje fibers are visible, the trabeculated myocardium 
expresses fast-conducting connexins (Figure 7). This trabeculated myocardium can be 
considered as both the “working myocardium” and the “conducting myocardium”, activating 
the ventricular chamber from base to apex. During subsequent development the growth 
of these trabeculations ceases significantly when compared to the growth of the compact 
layer of myocardium  [16 de Boer, BA (2012)]. This leaves the initial trabeculations as small 
structures on the endocardial side of the heart expressing fast-conducting connexins. It is, 
therefore, logical that these trabeculations are the eventual Purkinje fibers of the heart, as 
recent lineage studies have confirmed  [55 Miquerol, L (2010)].
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Septation

Septation of the heart can be subdivided into the septation of four different compartments, 
1) the atria, 2) the ventricles, 3) the primary myocardium of the atrioventricular canal and 
primary (or interventricular) foramen, and 4) the outflow tract. 
Different components contribute to the septation of the heart. Apart from the muscular 
septa that form in the atrial and ventricular chambers, also the non-muscular endocardial 
or atrioventricular cushions, outflow tract ridges and the dorsal mesenchymal protrusion 
(DMP), also called vestibular spine, participate in the septation of the heart (Figure 9). 
The endocardial cushions initially are a-cellular structures filled with cardiac jelly produced 
by the myocardium. Prior to septation these structures are populated by endocardially-
derived cells in case of the atrioventricular canal and in the case of the outflow tract ridges, 
also by neural crest-derived cells (see development of the valves). 
The DMP develops differently at the dorsal side of the heart and is contiguous with the 
dorsal atrioventricular cushion and the mesenchymal cap at the leading edge of the 
primary atrial septum (Figure 9B). This group of cells has an extra-cardiac origin, the 
distinction between endocardium- and DMP-derived cells can be observed on the basis of 
genetic lineage tracings and their anatomical position in the heart  [56 Snarr, BS (2007)], 

[57 Goddeeris, MM (2008)]. In humans the DMP is anatomically more pronounced than 
in the frequently studied mice. Mal-development of the DMP results in atrioventricular 
septal defects and absence of the DMP is observed in fetuses with Down syndrome  [58 
Webb, S (1999)], [59 Blom, NA (2003)].

Figure 9. Septation of the atria and primary foramen. 
Panel A shows a schematic drawing of the chamber-forming heart, with the atrioventricular canal (AVC) and outfllow tract (OFT)
cushions and ridges. The two arrows going down, through the atrioventricular canal, in the ventricle, represent the blood flow 
during diastole. The two arrows pointing toward the direction of the outflow tract, represent the blood flow during systole. Note 
that the primary foramen (PF) is the cross road of the blood running from the right atrium (RA) to the right ventricle (RV), and 
the blood running from the left ventricle (LV) to the outflow tract. Panels B-F depict saggittal sections at the level of the dotted 
line in panel A. In panel B the ventral and dorsal endocardial cushions (nr1-2) are growing towards each other. In C the primary 
atrial foramen (PAF) is closing due to the in growing of the primary atrial septum (PS), with its mesenchymal cap (MC), the dorsal 
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mesenchymal protrusion (DMP) and the endocardial cushions. From C-D In the primary septum small holes appear merging to 
form the secondary foramen (SF). From D-F the secondary septum (SS) grows to the right side of the primary septum covering the 
secondary foramen and the rest of the PAS, leaving at the right surface of the atrial septum only the oval fossa (OF) uncovered. 
Abbreviations: LA: left atrium; A: atrium; V: Ventricle; 3,4:septal and parietal outflow tract ridges

Atrial septation
During uterine life, the atria are not entirely separated from one another. This is so because 
in this period of life little blood flows via the lungs to the left atrium. To guarantee sufficient 
flow of blood to the left side of the heart, atrial septation occurs in phases, permitting 
right-left atrial shunting.
Atrial septation starts with the formation of a crescent-shaped structure, the primary 
septum (Figure 9 B,C), at CS12. The septum grows towards the atrioventricular canal, by 
proliferation from the cranio-dorsal wall of the atrium at the right side of the midline. The 
mesenchymaI cap on the edge of the primary septum is ventrally contiguous with the 
ventral atrioventricular cushion, and dorsally with the DMP and the dorsal atrioventricular 
cushion. The primary atrial foramen or ostium primum is lined by this mesenchymal 
complex and permits communication between the two atria. With ongoing growth of the 
atrial septum this ostium primum closes (Figure 9D), at CS16. However, already at CS15, 
in the septum primum small holes develop, mediated by apoptosis, which merge forming 
the secondary foramen, or ostium secundum (Figure 9 C,D). After closure of the primary 
foramen the secondary foramen supports the right-left shunting of blood.
Subsequent to the formation of the secondary foramen, from CS17 onwards, the muscular 
wall of the right atrium folds down to form a secondary septum at the right side of the 
primary septum, covering the secondary foramen (Figure 9D-F Figure 5). As blood pressure 
in the fetus is higher in the right atrium than in the left, blood can flow from the right to 
the left side. After birth when the pressure gradient inverts, the primary and secondary 
septum are squeezed together, by which the secondary foramen, closes. The oval fossa is 
the part of the primitive septum that remains uncovered by the secondary septum (Figure 
9F).

Ventricular septation
The interventricular septum in the formed heart is composed of both a myocardial and 
a membranous part. The development of the muscular part is described below; the 
membranous part will be discussed with the septation of the primary heart tube.
When the right and left ventricles form by expansion from the primary heart tube the 
cells in between them do not follow the chamber myocardial gene program, and do not 
balloon, but form the top of the ventricular septum. In fact the top of the septum is the 
most primitive part as was already recognized by Keith and Flack in the beginning of the 
previous century  [60 Keith, A (1906)]: “The evidence is now accumulated which shows that 
the interventricular septum is not developed by a process of up-growth as His proposed; 
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its development is the result of an opposite process; the ventricles are outgrowths; or 
bulgings from the primitive cardiac tube; the septum is that part of the tube which remains 
between the outgrowth; hence the upper border of the septum represents the least 
changed part of the lumen of the embryonic heart and it is there that the atrioventricular 
bundle is found”. Indeed the top of the ventricular septum expresses the transcriptional 
repressor Tbx3 (Figure 8D). The crest of the ventricular septum connects with the caudal, 
or dorsal, atrioventricular cushion. The septum grows by a process called apposition, 
meaning that cells are added to the septum largely from the adjacent left ventricular free 
wall, and it becomes apparent at CS12. 

Septation of the atrioventricular canal and primary foramen
Prior to septation, the blood flow is already separated into a left- and right-sided circulation, 
with limited mixing of the two, due to the fact that the bloodstream is laminar  [61 Hogers, 
B (1995)]. The primary foramen is the region of the primary heart tube in between the 
parts of the heart tube from which the ventricles expand (Figure 9A). This region often is 
called the interventricular foramen, albeit this term formally is a misnomer, since it is never 
situated between the two ventricles, but on top of them, at the inner curvature. Through 
this foramen the right atrium connects with the right ventricle at diastole, and the left 
ventricle connects to the aorta at systole. This situation, obviously, is maintained in adult 
life, so the primary foramen never closes but becomes separated, by the membranous 
septum into a left and right part, at the end of CS18.
The atrioventricular canal is divided by two cushions, the ventral and dorsal endocardial 
cushion, into a left and a right half. Also the outflow tract is divided by two cushions, known 
as the septal and parietal outflow tract ridges, forming a pulmonary and an aortic channel 
(Figure 9A). The terms septal and parietal are based on the proximal attachment of these 
ridges to the primary ring region, being the circumference of the primary foramen. The 
left flow is guided by the atrioventricular cushions to the left ventricle and then by the 
outflow tract ridges to the outflow tract through the primary ventricular foramen. The 
right flow is directly guided to the right ventricle also via the interventricular foramen 
and then, with systole into the outflow tract (Figure 9A). Proper physical separation of the 
primary foramen is achieved by the fusion of the atrioventricular cushions and outflow 
tract ridges, resulting into the left ventricular outlet and the right ventricular inlet. In the 
adult heart the membranous part of the ventricular septum is the remnant of the fused 
atrioventricular and outflow tract cushions.
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Separation of the outflow tract
At CS 12, the outflow tract is a myocardial tube that runs from the developing ventricles to the 
aortic sac. The aortic sac is connected to the, initially symmetrical, pharyngeal arch arteries. 
During subsequent development the cushions in the outflow tract separate the outflow tract, 
resulting into a fully separated pulmonary and aortic channel at CS18  [62 Sizarov, A (2012)]. 
The separation occurs in a distal to proximal order by which the outflow tract becomes 
gradually divided, starting at CS14. The cushions lay in a spiral fashion in the outflow tract, 
which gives rise to an 180o twist of the eventual pulmonary and aortic arteries. In case of a 
transposition of the great arteries this spiraling appears not to have taken place, and the aorta 
and pulmonary trunk are situated next to each other in the frontal plane, instead of a dorso-
ventral positioning. During the process of septation, the outflow tract myocardium becomes 
largely incorporated into the right ventricle; the distal myocardial border retracts halfway to the 
level of the semilunar valves. This ensures that the coronary orifices are normally embedded in 
non-contractile vascular tissue, ensuring unhindered nourishment of the coronary vasculature 
during contraction.
Along with the separation of the outflow tract, a complex system of 3 pairs of pharyngeal arch 
arteries remodels into the aortic arch and pulmonary trunk (Figure 10). In short, the pharyngeal 
arch artery system is traditionally composed of 6 paired arteries although the 5th pair never 
develops in human. The 1st and 2nd pairs regress early in development before the remodeling 
into the aortic arch system takes place. Therefore, the outflow tract is, via the aortic sac, 
connected with three pairs of pharyngeal arch arteries, the 3rd, 4th and 6th (Figure 10A-D). 
The pulmonary trunk, will be separated from the ascending aorta, by a protrusion of the 
pharyngeal mesenchyme, termed the aorto-pulmonary septum, that grows into the aortic 
sac and connects distally to the spiraling OFT ridges. This separates the 6th from the 4th 
pharyngeal arch artery (Figure 10E-H). Defects in this septation rarely occur and give rise to 
a distal connection between the aorta and the pulmonary trunk, termed an aorto-pulmonary 
window.
At the junction of the aortic sac to the 6th pharyngeal arch artery, the pulmonary arteries 
develop. At the right side, the distal part of the 6th pharyngeal arch artery is underdeveloped, 
compared to the left side, and will eventually obliterate, at the left side this forms the ductus 
arteriosus, which closes shortly after birth. 
The 3rd and 4th pairs of pharyngeal arch arteries together with the left dorsal aorta will form the 
eventual aortic arch system (Figure 10I-L), the dorsal aorta between the 3rd and 4th pharyngeal 
arch arteries will obliterate, separating the future carotic artery from the descending aorta. The 
7th intersegmental artery, which sprouts from the aorta at the level of the developing limbs, 
will give rise to the subclavian arteries. The right-sided dorsal aorta distal to the subclavian 
artery connection will obliterate, resulting in the final aortic arch with a left sided descending 
aorta (Figure 10M).
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Figure 10. Development of the OFT and arterial pole. 
In panels A,E,I cranial views of 3D reconstructed human hearts are shown; the systemic arteries are in red, systemic veins in blue, 
pulmonary arteries in purple, and pulmonary veins in orange, the myocardium is grey and the foregut is green. Panels B,C,F,G,J,K 
show the aorta and pharyngeal arch arteries (numbered 3rd ,4th ,6th ) surrounding the embryonic foregut. The cartoon 
presented in panels D,H,L,M summarize the remodeling of the pharyngeal arch arteries in which different colors depict the 
different vessels. Abbreviations: R/LSA:right/left subclavian artery; R/LCCA: right/left common carotid artery BT: brachiocephalic 
trunk AAo: ascending aorta PT: pulmonary trunk LA: ligamentum arteriosum PA: pulmonary artery . Modified after  [62 Sizarov, A 
(2012)] and cartoons were drawn from  [102 Rana, MS (2013)].
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The cardiac connective tissues
 

Most of the adult heart volume is made up by cardiomyocytes; however, a significant 20% 
of the cells in the heart is made up by the fibroblasts, smooth muscle and endothelial cells  
[63 Banerjee, I (2007)]. During development there are four sources of connective tissue 
cells in the heart: the endocardium, the DMP, the cardiac neural crest and the epicardium. 
In addition also bone-marrow derived cells populate the heart after development  [64 
Zeisberg, EM (2010)]. The first three populations are discussed in the sections on the 
development of the valves and septation, the development of the epicardium will be 
discussed below .

Figure 11. Development of the AV and OFT valves and their contributing tissues. 
Panels A-H show sections through mouse hearts in a plane comparable to the schematic heart in panel S, boxed is enlarged 
in panels I,K,M,O. In panels B,D,F,H the lineage contributions of the epicardium is displayed at different developmental stages. The 
epicardial lineage marker WT1 was used, epicardial lineage is depicted in red, myocardium in green. Panels I-P show schematic 
drawings of valve development in both the  atrioventricular canal as well as the developing outflow tract. Red is epicardium (Ep) 
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grey is primary myocardium and yellow is endocardial cushion tissue (EC). Note that in the outflow tract the cells are primarily 
neural crest derived and not endocardial derived as in the atrioventricular canal. In panel P the contribution of the different 
cushions and ridges to the eventual valves (panel T) is depicted. Panels Q,R depict the pro-epicardium (PE) in a 3 day old chicken 
embryo in panel R, the pro-epicardium is attached to the heart tube (HT) spreading out forming the epicardium. Abbreviations: 
RA: right atrium; LA: left atrium; RV: right ventricle; LV: left ventricle; MC: mesenchymal cap; LC: lateral cushion; VAVC: ventral 
atrioventricular cushion; DAVC: dorsal atrioventricular cushion; SR: septal ridge; PR: parietal ridge; IR: intercalated ridge; S: 
Septum; PT: pulmonary trunk; Ao: Aorta. Modified from  [79 Wessels, A (2012)]

Epicardium
Originally the epicardium was thought to be derived from the outer layer of the myocardial 
heart tube, which was called the myo-epicardium, although the famous anatomist Wilhelm 
His the elder, already in 1885 considered this theory to be unlikely. Moreover, in 1909 
Kurkiewicz identified the pro-epicardium as the source of the epicardium, yet it was until 
the late sixties of the previous century before these studies to be revealed from oblivion 
and the findings to be confirmed by electron microscopy.  [65 Manasek, FJ (1969)], [66 
Manner, J (2001)]
The pro-epicardium is a medusa-like structure, which develops at the venous pole of the 
linear heart tube at CS10 (Figure 11Q,R). While the heart is looping, at CS11, the villi of the 
pro-epicardium make contact with the outer surface of the heart, first at the dorsal side of 
the atrioventricular canal and then grow to cover the entire heart tube with epicardium, at 
CS16. The epicardium then undergoes epithelial to mesenchymal transformation giving rise 
to a mesenchymal layer, called the sub-epicardial mesenchyme, between the myocardium 
and the mesothelial epicardial outer layer, (CS15). In this sub-epicardial mesenchyme the 
coronary arteries develop. Some cells of the sub-epicardial mesenchyme invade into the 
heart, forming the cardiac fibroblasts that will populate part of the atrioventricular valves 
and isolating plane. Apart from their contribution to the fibrous skeleton of the heart, 
these fibroblasts also supply signals necessary for normal cardiomyocyte development, 
such as the growth of the compact myocardium (see formation of the ventricles). 

Development of Cardiac vasculature
The coronary veins are formed by sprouting from the sinus venosus, and cover the heart by 
expanding the already connected vessels. This process is called angiogenesis, or sprouting, 
and the endothelium of the coronary veins is derived from the sinus venosus. The 
differentiation of the endothelial cells of the coronary arteries seems more complex. The 
coronary arteries develop in the sub-epicardial mesenchyme between CS16-18. A coronary 
plexus forms in the mesenchyme, which later remodels into the coronary artery system. 
Lineage tracings have shown that the smooth muscle cells lining the coronary arteries 
are derived from the epicardial cells. Coronary artery formation involves vasculogenesis, 
a process by which vessels are newly made and connect later to the circulation. Whether 
the endothelial cells of the coronary arteries are derived from the sprouting veins, or from a 
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different precursor pool present in the sub-epicardial mesenchyme, is unsettled as yet  [67 Red-
Horse, K (2010)]  [68 Katz, TC (2012)]. 
After the coronary tree has developed the connection with the aorta is established. The signals 
that promote the coronary arteries to grow towards the aorta and perforate the aortic wall 
connecting with the systemic circulatory system, are unknown as yet. When the development 
of the outflow tract is altered, for instance in the absence of Tbx1, the coronary arteries fail 
to connect to the cardiac outflow channels in a proper fashion, demonstrating the intimate 
association between the development of the outflow tract and of the coronary arteries  [69 
Theveniau-Ruissy, M (2008)].

The insulating plane 
The myocardium of the atria and ventricles becomes separated by an insulating plane. This 
insulation comprises both the annulus fibrosus in the strict sense, being the fibrous tissue 
surrounding the atrioventricular junctions, and the atrioventricular sulcus mesenchyme, which 
resides at the outer surface of the heart  [70 Becker, AE (1978)]. 
At the endocardial side the annulus fibrosus is in continuity with the fibrous tissues of the 
valves and is implicated for the support and proper function of the valvular apparatus  [71 
Angelini, A (1988)]. Both endocardially as well as epicardially derived cells contribute to the 
insulating plane, as demonstrated by recent lineage studies  [72 de Lange, FJ (2004)], [73 Zhou, 
B (2010)], [53 Aanhaanen, WT (2010)].
At the epicardial side in the atrioventricular sulcus, mesenchyme, derived from the epicardium  

[73 Zhou, B (2010)] is present. Interestingly, in patients with pre-excitation due to an 
atrioventricular accessory pathway (Wolf-Parkinson-White syndrome), often the fibrous part 
of the plane of insulation is found to be intact and the accessory pathway is present within 
the sulcus mesenchyme  [70 Becker, AE (1978)]. Inhibited outgrowth of the epicardium, results 
in accessory connections between the atria and the ventricles as seen in Wolf-Parkinson-
White syndrome  [74 Kolditz, DP (2008)]. Deletion of either the bone morphogenetic protein 
receptor 1a (BMPR1a), or the transcription factor TBX2, or impairment of Notch signaling in the 
atrioventricular canal, gives rise to additional myocardial connections, demonstrating that the 
Notch/BMP/TBX2 signaling axis is involved in the development of the atrioventricular insulating 
plane  [75 Gaussin, V (2005)], [76 Aanhaanen, WT (2011)], [77 Rentschler, S (2011)].

Taken together the fibroblasts populating the heart are derived from four different precursor 
pools, the epicardium, endocardium, DMP and neural crest. These cells will populate the future 
valves and parts of the septae, as well as the coronary vasculature. Apart from their roles as 
producers of the fibrous skeleton of the heart, the fibroblasts also produce signaling molecules, 
which are indispensable for the normal growth of the myocardium.
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Development of the valves

Unidirectional flow in the primitive heart
In the formed heart, valves ensure a unidirectional flow of blood; in diastole the arterial 
valves prevent regurgitation of blood into the ventricles and in systole the atrioventricular 
valves prevent regurgitation into the atria. However, in the primary heart tube, which is 
devoid of valves, the blood flow is unidirectional; here regurgitation is prevented by the 
complete closure of the cardiac lumen during the peristaltic waves of contraction. If the 
heart tube would consist of just myocardium, its lumen could only be partly reduced. The 
full closure of the heart tube is achieved by the presence of cardiac jelly, extracellular 
matrix depositions in between the endocardium and the myocardium, which functions as 
a stuffer substance, already present at CS9. 
With ongoing development chambers are formed, which no longer produce cardiac 
jelly. Also the contractile properties of the chamber myocardium changes allowing for 
fast synchronous contractions. The venous pole, atrioventricular canal and outflow tract 
myocardium, retains its primary phenotype. The cardiac jelly in these regions remodels 
into cushions and ridges, which will eventually differentiate into the valves. The slow 
conducting and long-lasting contractile properties of the primary myocardium, together 
with cardiac cushions, enable these regions to function as sphincters, preventing backflow 
of blood  [10 Moorman, AFM (2007)].

Cushion formation
Whereas in the regions of the forming atria and ventricles, the cardiac jelly disappears, 
the cardiac jelly is sculptured into two major cardiac cushions in both the atrioventricular 
canal and outflow tract (Figure 9A, Figure 11). During subsequent development in both 
the atrioventricular canal and outflow tract minor cushions are formed, the so-called 
lateral cushions and intercalated ridges, respectively. The valves develop from the 
minor cushions and from the major cushions (Figure 11), albeit that the major cushions 
in the atrioventricular canal primarily contribute to the septation of the primary heart 
tube. Though the cushions are initially a-cellular, they become populated with cells from 
different sources.
Both the atrioventricular cushions as well as the outflow tract ridges are first populated 
by endocardially-derived cells, starting at CS12. Part of the endocardium overlaying the 
cushions undergoes a process called epithelial to mesenchymal transformation. During 
this transformation a subset of the cells loses their epithelial characteristics and turn into 
mesenchymal cells, which migrate into the adjacent cardiac jelly. The interaction between 
the myocardium and the endocardium is crucial for this process. BMPs produced by the 
outflow tract and atrioventricular canal myocardium, signal through the cardiac jelly to the 
underlying endocardium. Subsequently, transforming growth factor beta (TGFβ) and Notch 
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signals regulate the EMT, resulting in the population of the cushions with mesenchyme.  

[78 Luna-Zurita, L (2010)].
Although the endocardially-derived cells obviously populate the atrioventricular cushions, 
it has been a controversial topic whether epicardially-derived cells contribute to the 
atrioventricular-valves. In quail-to-chicken chimeric embryos, pro-epicardially-derived 
cells were observed in the atrioventricular-, but not outflow tract, valves. However 
genetic lineage tracings in mice showed that the majority of cells within the valves are 
endocardially-derived. Genetic lineage tracing of epicardially-derived cells within the 
cardiac valves has until recently been lacking. It has become clear that the mesenchyme 
populating the atrioventricular cushions initially is endocardially derived, but with ongoing 
development, the lateral atrioventricular cushions become increasingly populated with 
epicardially derived cells  [79 Wessels, A (2012)] (Figure 11).
Although the heart primarily is a mesodermal organ, a subset of ectodermal cells, the 
neural crest cells, migrates through the developing embryo, and plays an important role in 
the development of the arterial pole of the heart. The neural crest cells are set apart as the 
neural tube closes and contribute to the development of many different organs, including 
the heart, in which case the cells are termed cardiac neural crest cells. 
Experimental ablation of the cardiac neural crest in chicken embryos results in many 
different congenital heart diseases, among most frequently common trunk, pulmonary 
atresia and double outlet right ventricle. The cardiac neural crest functions both by 
supplying cells necessary for normal development of the outflow tract, and by secreting 
growth factors essential for normal development of the surrounding tissue  [80 Hutson, 
MR (2003)], [81 Stoller, JZ (2005)].

The atrioventricular valves
The dorsal and ventral atrioventricular cushions are important for septation, as described 
above. Within the atrioventricular canal the valves are formed from the dorsal and ventral 
atrioventricular cushions as well as from the lateral atrioventricular cushions. To form 
valves, the cushions need to detach from the underlying myocardium and transform into 
the thin valve leaflets attached with chordae tendineae to the papillary muscles.
The different valve leaflets detach from the myocardium via different mechanisms (Figure 
11). The septal leaflet of the tricuspid valve and the aortic leaflet of the mitral valve, arise 
from the fused dorsal and ventral atrioventricular cushions. The part of the cushions forming 
the aortic leaflet of the mitral valve is never supported by myocardium, but protrudes 
from the beginning into the left ventricular lumen (Figure 11C,I,K). The septal leaflet of 
the tricuspid valve detaches by apoptosis from the underlying myocardium, being the last 
leaflet formed at CS23 (Figure 11 M-O). The mural leaflets of the atrioventricular valves, i.e. 
the anterior and posterior leaflet of the tricuspid valve and the parietal leaflet of the mitral 
valve are derived from the lateral atrioventricular cushions. These valves do not detach 
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from the underlying myocardium by apoptosis, but by excavation or ventricularization; the 
ventricles grow behind the cushions creating a space, liberating the valve leaflets, starting 
at CS19 (Figure 11 K-O). During this process a small amount of cardiomyocytes remain in 
the forming valve, which are removed by apoptosis during subsequent development.

The semilunar valves
In addition to the two outflow tract cushions (or ridges) involved in septation, two 
intercalated ridges form in the proximal part of the outflow tract. The parietal outflow 
tract ridge gives rise to the right aortic and pulmonary valve, the septal outflow tract ridge 
to the left aortic and pulmonary valve and the left and right intercalated ridges to the 
posterior aortic and anterior pulmonary valve leaflets, respectively (Figure 11 J,L,N,P). 
In contrast to the atrioventricular valves the arterial valves are not anchored via chorda 
tendineae, but their semilunar shape prevents them from prolapsing. The semilunar shape 
is achieved by apoptosis of the ridges at the distal side of the future valve leaflet, and its 
characteristic morphology is discernible at CS18. Subsequently, the initially shaped valves 
elongate by proliferation of the remaining mesenchyme and eventually thin to obtain the 
adult semilunar valve leaflets. The coronary orifices are found in the aorta just downstream 
of the myocardium in the cusps that face the pulmonary trunk.

Remodeling of the embryonic valves
The last stage of the atrioventricular and outflow tract valve development, involves their 
maturation in which the valve leaflets become slender by the remodeling of the extracellular 
matrix, becoming organized in three layers. (1) The atrialis of the atrioventricular valve 
leaflets and the ventricularis of the outflow tract valves, i.e. the side of the valve facing 
the inflow, which is primarily composed of elastic fibers and provides motility of the 
leaflets. (2) The fibrosa, on the opposite side is providing stiffness to the valve leaflets. 
(3)The spongiosa, in between the previous two layers, is composed of proteoglycans for 
compressibility of the valve leaflets  [82 Hinton, RB (2011)].
In patients suffering from valve disease the organization of the different layers is disrupted. 
A large set of extracellular matrix genes such as elastins and collagens is involved in 
congenital valve disease, however not only mutations in extracellular matrix molecules 
result in valve defects, also dysregulation of the connective tissue transcription factor sex 
determining region Y-box 9 (SOX9), or disrupted signaling, like Notch and BMP, results in 
remodeling of the extracellular matrix and calcification as observed frequently in human 
valve disease  [82 Hinton, RB (2011)].

Taken together the atrioventricular and semilunar valves develop from the atrioventricular 
cushions and outflow tract ridges that separate the atrioventriuclar canal and outlflow 
tract. During their development, the lineages populating the valves change. Whereas 
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the atrioventricular valves are composed of endocardium- and epicardium-derived cells, 
the semilunar valves are primarily derived from the endocardial lineage, albeit a large 
contribution of the neural crest occurs. The final stage in valve development involves a 
maturation process in which different layers of different types of extra cellular matrix are 
formed.
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Left right axis in heart development

Establishment of the left-right axis
In human, as in all other vertebrates, many organs show differences between the left and 
right side of the body. One of the first signs of these morphological differences becomes 
apparent, when the linear heart tube starts to bend towards the right side, a process 
termed looping, which commences at CS9. The molecular mechanisms facilitating this 
breach of symmetry, however, are initiated earlier during development. Albeit much is 
known about the basic principles of the establishment of left-right asymmetry  [83 Logan, 
M (1998)], [84 Nonaka, S (2002)], [85 Nonaka, S (1998)], much has to be learned about this 
process in human development. 
In mammals the nodal cilia located at the anterior border of the primitive streak, sweep 
from right to left, resulting in a leftward flow of extra-cellular fluid, which, in turn, activates 
at the left side the expression of the TGFβ super-family member Nodal. Via an auto-
regulatory feedback loop, Nodal concentrations rise temporarily on the left side. A spread 
of this signal to the right side is inhibited by midline expression of the Nodal inhibitor 
Lefty1  [86 Chen, CM (2010)] (Figure 12 A). 
There are two theories for the transduction of the cilia-mediated flow into a left sided 
expression of Nodal. Either the flow is mechanically sensed by sensory cilia on the left 
side of the node or, small excreted vesicles containing retinoic acid and the growth factor 
sonic hedgehog are moved by this flow to the left side  [86 Chen, CM (2010)]. Be this as 
it may, the left-sided expression of Nodal is crucial in establishing the left-right axis. The 
Nodal signal is transduced, upon its binding, together with the cofactor Cripto (CFC1), to 
the activin receptor complex. The transduction of this signal results in the expression of 
the transcription factor PITX2c, which is an important regulator for conferring a sense of 
leftness to the body. PITX2c remains expressed on the left side long after the expression of 
Nodal ended. (Figure 12B)
Establishment of the left-right axis is thus a matter of defining the left side in molecular 
terms. Impairment of the right-to-left flow by impaired cilia function results in randomization 
of the left-right patterning. Disruption of Nodal signaling gives rise to loss of left-sided 
signals and thus to right isomerism. Insufficient inhibition of Nodal at the midline results 
in an expansion of left-sided signals and thus causes left isomerism. Interestingly, cardiac 
looping seems to be independent of PITX2c. PITX2c mutants display right isomerism, thus 
two morphologically right atria, but cardiac looping is unaffected. This indicates that in 
addition to the PITX2c pathway, another pathway plays a role in the looping of the heart  

[12 Harvey, RP (2002)] (Figure 12 A).
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Figure 12. Left right signaling during development of the heart. 
Panel A displays a schematic representation of the signaling cascades involved in heart development. The initial event translating 
the leftward flow of the cilia in Hensen’s node is the left sided expression of nodal, that via the activine receptor 1b and 2b (Acvr1b 
Acvr2b) and co-receptor cripto (Cfc1) regulates the expression of FoxH1 and Pitx2c. Note that there are two separate pathways 
one involving Pitx2c, determining atrial identity, and the other determining looping direction, or ventricular topology. In panel B 
a RNA-ISH for Pitx2c on chicken hearts is shown, where only the left half of the heart tube (arrows) is positive. Panels C,D show 
scanning electron microscopic photographs of the venous pole of a E10.5 mouse heart. Panel C represents the WT situation and 
D the Pitx2c KO situation showing an almost perfectly symmetrical set of atria, both marked as right atrium (RA), no pulmonary 
vein (PV) orifice and no atrial septum (AS).Abbreviations: LPM: lateral plate mesoderm LA: left atrium; ICV: inferior caval vein; R: 
right; L: left Modified from  [86 Chen, CM (2010)], [103 Campione, M (2001)], EM photos were a generous gift of Prof N Brown.

Processes differentially affected by left-right signaling
While the linear heart tube grows a looping occurs. Looping can be subdivided into two 
different stages. During a process termed C-looping, the heart loops to the ventral side, 
owing to the continuous addition of cardiac cells to the heart tube, whereas the arterio-
venous distance remains constant. The heart turns then to the right, a process termed 
D-looping, at CS10. This places the left side of the heart towards the ventral side of the 
embryo. Interestingly, explants of linear heart tubes show upon culture spontaneous 
looping suggesting that laterality information has already been imposed on the heart at an 
earlier stage  [87 Manning, A (1990)]. During the looping process the dorsal mesocardium, 
breaks through, at CS10. Eventually the venous pole of the heart is situated cranially to the 
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rest of the heart. The ventral side of the primary heart tube becomes the outer curvature 
of the looped heart and the dorsal side the inner curvature.
The left and right ventricles differentiate and expand at the ventral side of the heart tube. 
In contrast to the atria, which develop in bilateral fashion, the right ventricle develops 
downstream from the left one. Consequently, isomerism of the ventricles does not exist. 
Although the identity of the ventricles itself is determined by their cranio-caudal position, 
rather than by left-right signaling pathways, their mutual positioning is. If the heart loops 
to the left instead of the right side, the right ventricle will be positioned on the left side of 
the body. Assuming that the atria and outflow tract receive correct left-right signals the left 
atrium will be connected to the right ventricle and the morphological right ventricle will be 
connected to the aorta. This situation is known as a congenitally corrected transposition of 
the great arteries, also termed double discordance. How left-right signaling affects cardiac 
looping is not clear, but it is known to be independent from the Pitx2c pathway and the 
transcription co-factor Cited 2 is involved  [88 Bamforth, SD (2004)].
Unlike the ventricles, the atria are formed bilaterally in a symmetric fashion. The 
developing atria receive left-right signals and develop differently according to these 
signals. The identity of the atria is assessed by the morphology of the cardiac auricles, or 
atrial appendices, albeit formally this is the mere identity of the atrial appendages. Upon 
disruption of PITX2c-mediated laterality, both atria develop with right atrial appendages, 
demonstrating the role of PITX2c in the establishment of atrial sidedness  [89 Franco, D 
(2003)] (Figure 12 C,D). 
Both the arterial and venous poles are subject to left-right signaling. The connection of the 
outflow tract, linking the right ventricle to the pulmonary artery and the left ventricle to 
the aorta, is influenced by left-right patterning. Also the development of the pharyngeal 
arch arteries, which determine the morphology of the aortic arch and pulmonary trunk, 
are under control of left-right patterning.
It is equally important to appreciate that both the connections of the different veins to 
the atria as well as the development of the veins themselves, for instance the left superior 
caval vein or azygos system, are influenced by the left-right signaling pathway.

Pathogenesis of discordant connections
As described above, virtually all components of the heart are subject to left-right signaling. 
An intriguing aspect however, is that the molecular pathways involved in the asymmetric 
development differ between the distinct components of the heart. Perturbations high 
in the hierarchy of the left-right signaling cascade, like in Kartagener syndrome, result 
typically in randomization of the situs, either resulting in situs solitus or situs inversus. In 
the latter case, the anatomy is mirrored, but all cardiac connections are concordant  [90 
Kennedy, MP (2007)]. Discordant connections arise when tissue-specific left-right signaling 
is effected and thus some parts develop normally and others mirrored. For example if only 
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cardiac looping is altered both atrio-ventricular as well as ventriculo-atrial connections are 
discordant. Several studies suggest a role for the TGFβ super family signaling in cardiac 
heterotaxias  [91 Fakhro, KA (2011)], [92 Karkera, JD (2007)], [93 Monteiro, R (2008)].

Taken together, the establishment of a left-right axis is partly understood. Nodal cilia 
mediating a right to left flow in the gastrulating embryo are crucial for the establishment of 
the normal left-right asymmetry of the body. Although the ventricles develop according to 
a cranio-caudal patterning, there left–right location in the body depends on the direction 
of looping. In contrast to the ventricles the atria develop in a bilateral fashion and are 
under control of the left-right pathway, and therefore can be inverted or isomeric. The 
molecular pathways regulating asymmetric development differ between the distinct parts 
of the heart, allowing discordant connections to develop.
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Future perspective.

In the last two decades the field of heart development has been revolutionized. The fact 
that the heart grows by addition of cells and the heart tube thus, does not contain all the 
precursors for the full grown heart has been well-accepted. In addition, genetic lineage 
tracings have demonstrated that, both the cardiomyocytes as well as the fibroblast in the 
heart are comprised of different populations. The working model of a tube of primary 
myocardium from which, by differentiation and proliferation, chambers balloon out, has 
been proven by lineage, gene expression and electrophysiological studies. In spite of this 
enormous knowledge, only in a discouraging low percentage of patients with cardiac 
malformations, a genetic or environmental cause can be found. The hypothesis that several 
(genetic) events have to take place in one patient before a cardiac malformation takes 
place becomes more and more likely. It is therefore that the interactions of the known 
players in cardiac development, needs to be studied. Novel techniques identifying regions 
in the genome on which transcription-factors act, driving their target genes, have already 
provided us with new disease-causing loci  [94 van den Boogaard, M (2012)],  [95 Arnolds, 
DE (2012)],  [96 Smemo, S (2012)]). To further unravel how the cacophony of individual 
factors is orchestrated into the, rhythmically beating, full-grown heart, will be our next 
challenge.
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Abstract
Follistatin-like 1 (FSTL1) is a member of the secreted protein acidic rich in cysteins (SPARC) family and has been 

implicated in many different signaling pathways, including bone morphogenetic protein (BMP) signaling. In many 

different developmental processes like, dorso-ventral axis establishment, skeletal, lung and ureter development, 

loss of function experiments have unveiled an important role for FSTL1. FSTL1 largely functions through inhibiting 

interactions with the BMP signaling pathway, although, in various disease models, different signaling pathways, 

like activation of pAKT, pAMPK, Na/K-ATPase or innate immune responses, are linked to FSTL1. How FSTL1 inhibits 

BMP signaling remains unclear, although it is known that FSTL1 does not function through a scavenging mecha-

nism, like the other known extracellular BMP inhibitors such as Noggin. It has been proposed that FSTL1 interferes 

with BMP receptor complex formation and as such inhibits propagation of the BMP signal into the cell. Future 

challenges will encompass the identification of the factors that determine the mechanisms that underlie the fact 

that FSTL1 acts by interfering with BMP signaling during development, but through other signaling pathways 

during disease.
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Aim of the review 

Intercellular communication is vital both in development and homeostasis of multicellular 
organisms. Follistatin-like 1 (FSTL1) is a signaling molecule that has been implicated 
in many different signaling pathways, including bone morphogenetic protein (BMP) 
signaling. Disruption of FSTL1 results in a variety of developmental defects. In the last 15 
years more than 100 papers have been written on this gene. Although important progress 
has been made on the elucidation of its roles in development, FSTL1 remains to be an 
enigmatic molecule, witnessed by the fact that many studies have reported conflicting 
results. Here, we summarize the literature on FSTL1 and aim to provide a unifying view 
on its function in development, albeit many uncertainties still have to be resolved. 

Fstl1 is a unique member of the SPARC family

In Human, FSTL1 is a secreted, 308 amino acid long protein, which is highly conserved among 
species (Figure 1). Although species-specific differences between mouse and human FSTL1 
are described, 91% overlap exists between the amino acid sequences  [106 Murakami, K 
(2012)]. FSTL1 is post-translationally modified by the addition of sugar residues and based 
on this modification of the protein, two isoforms are known  [107 Hambrock, HO (2004)], 
albeit with no known functional differences between the isoforms. In vitro FSTL1 has a 
half-life of 3 hours  [108 Wu, Y (2010)] and is a target for degradation of matrix metallo 
protease 2 (MMP2)  [109 Dean, RA (2007)] (Table1).

Figure 1: Protein domains of Fstl1 and phylogenetic tree
A) Schematic representation of the protein domains of Fstl1. The numbers represent the amino acid numbers in the human Fstl1 
protein. The signal (Sign) domain is required for the secretion of Fstl1. The follistatin domain (FS) is subdivided in a follistatin/
osteonectin-like EGFdomain (FOLN) and a Kazal domain (Kazal), because not all SPARC family members share the FOLN domain. 
The extracellular calcium binding (EC) domain contains a region involved in the Na/K-ATPase interaction, which is depicted in gray, 
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and three glycosylation sites marked by triangles. The von Willebrand C (VWC) domain is the most C terminal domain of Fstl1 and 
is not shared in other SPARC family members.
B) A phylogenetic tree of the human SPARC family including FSTL members -1, -4 and -5. The tree has been produced by comparing 
the EC domains of the different SPARC family members. Similar results were obtained by comparing the Kazal domains.

Will the real Fstl1 please stand up
Fstl1 was initially identified as TGFβ stimulated Clone-36 (TSC-36), similarities to the 
follistatin gene product were observed and it was therefore named follistatin-related 
polypeptide  [110 Shibanuma, M (1993)]. After its identification in frog, rat, chicken, human 
and several other organisms, different aliases have been used, such as follistatin-related 
protein, (FRP)  [111 Zwijsen, A (1994)], [112 Ohashi, T (1997)] or follistatin-like (Flik)  [113 
Amthor, H (1996)], [114 Patel, K (1996)]. In brains of macaques FSTL1 was identified as a 
gene expressed in the neurons of the visual neocortex and named OCC1  [115 Tochitani, S 
(2001)]. From a hematologic tumor line, a different gene was characterized, also bearing 
similarities to follistatin, which initially was termed follistatin-related gene (FLRG) and later 
follistatin-like 3 (FSTL3)  [116 Hayette, S (1998)]. In zebrafish the fstl1 gene is duplicated 
resulting in a fstl1a and fstl1b gene  [117 Esterberg, R (2008)], the latter was also called fstl2  

[118 Dal-Pra, S (2006)]. Until recently, in mice the name Fstl2 was used for a completely 
different gene: Insulin-like growth factor binding protein 7, and thus is not a paralogue for 
zebrafish fstl2.
In subsequent publications all these different names have been used for FSTL1 and, more 
confusingly, some of the above-mentioned names have been used for both FSTL3 as well 
as FSTL1. Confusion is further added to the field because studies on FSTL3 have been 
incorrectly cited as if they dealt with FSTL1. 
To identify all papers about FSTL1 we searched “pub med” using the following search 
terms: “Follistatin like”[All Fields] OR “Follistatin related”[All Fields] OR Fstl-1[All Fields] OR 
“Fstl 1” OR Fstl1[All Fields] OR OCC1[All Fields] OR OCC-1[All Fields] OR “OCC 1”[All Fields] 
OR TSC-36[All Fields] OR “TSC 36”[All Fields] OR TSC36[All Fields]. This resulted in 300 hits. 
In cases where it was unclear from the title or abstract whether FSTL1 or another protein, 
such as FSTL3, was discussed, primer sequences or other features of the study involved 
were used to identify the protein described. From those papers, 104 were dealing with 
FSTL1 and written in English (see Supplementary Table 1).

[119 Adams, D (2007)]  [120 Adams, DC (2010)]  [113 Amthor, H (1996)]  [121 Belecky-Adams, TL (1999)]  [122 Bradshaw, AD 
(2012)]  [123 Brekken, RA (2001)]  [124 Chaly, Y (2012)]  [125 Chan, CY (2011)]  [126 Chan, QK (2009)]  [127 Clutter, SD (2009)]  
[118 Dal-Pra, S (2006)]  [128 De Groot, E (2000)]  [109 Dean, RA (2007)]  [129 Dixon, FM (2009)]  [130 Dolcino, M (2012)]  [131 
Drabovich, AP (2010)]  [132 Drummond, MJ (2009)]  [133 Ehara, Y (2004)]  [134 El-Armouche, A (2011)]  [117 Esterberg, R (2008)]  
[135 Geng, Y (2011)]  [136 Genovese, JA (2009)]  [137 Geske, MJ (2008)]  [138 Glusman, G (2004)]  [139 Goo, YA (2009)]  [140 
Gorelik, M (2012)]  [141 Guifen, L (2011)]  [107 Hambrock, HO (2004)]  [142 Hodgson, G (2001)]  [143 Ihara, Y (2002)]  [144 
Javerzat, S (2009)]  [145 Johnston, IM (2000)]  [146 Kawabata, D (2004)]  [147 Kim, H (2011)]  [148 Kim, HA (2012)]  [149 Komatsu, 
Y (2005)]  [150 Lara-Pezzi, E (2008)]  [151 Le Luduec, JB (2008)]  [152 Lehnert, SA (2007)]  [153 Li, D (2011)]  [154 Li, KC (2011)]  
[155 Li, KC (2011)]  [156 Liu, S (2006)]  [157 Liu, S (2010)]  [3 Lombardi, MP (2003)]  [158 Mashimo, J (1997)]  [159 Maurer, P (1995)]  
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[160 Meehan, KL (2002)]  [161 Miyamae, T (2006)]  [162 Mobasheri, A (2012)]  [163 Mukhopadhyay, P (2006)]  [106 Murakami, 
K (2012)]  [164 Nakamoto, T (2002)]  [165 Ogura, Y (2012)]  [112 Ohashi, T (1997)]  [166 Okabayashi, K (1999)]  [167 Oshima, Y 
(2008)]  [168 Ouchi, N (2010)]  [169 Ouchi, N (2008)]  [114 Patel, K (1996)]  [170 Pedersen, BK (2012)]  [171 Reddy, SP (2008)]  
[172 Rosenberg, MI (2006)]  [173 Serao, NV (2011)]  [110 Shibanuma, M (1993)]  [174 Shimano, M (2011)]  [175 Slany, A (2010)]  
[176 Sumitomo, K (2000)]  [177 Sylva, M (2011)]  [178 Takahata, T (2012)]  [179 Takahata, T (2010)]  [180 Takahata, T (2009)]  [181 
Takahata, T (2008)]  [182 Takahata, T (2006)]  [183 Tan, X (2008)]  [184 Tanaka, M (2010)]  [185 Tanaka, M (2003)]  [186 Tanaka, 
M (1998)]  [187 Thornton, S (2002)]  [188 Tochitani, S (2003)]  [189 Tochitani, S (2003)]  [115 Tochitani, S (2001)]  [190 Towers, 
P (1999)]  [191 Trojan, L (2005)]  [192 Umezu, T (2010)]  [4 van den Berg, G (2007)]  [193 Vertegaal, AC (2000)]  [194 Walsh, K 
(2009)]  [195 Wang, Y (2011)]  [196 Watakabe, A (2006)]  [197 Werner, GD (2012)]  [198 Widera, C (2009)]  [199 Widera, C (2012)]  
[200 Williams, TM (2005)]  [201 Wilson, DC (2010)]  [202 Wu, X (2003)]  [108 Wu, Y (2010)]  [203 Xu, J (2012)]  [204 Yamamori, 
T (2006)]  [205 Yang, Y (2009)]  [206 Zendaoui, A (2011)]  [207 Zhao, W (2011)]  [208 Zhou, J (2006)]  [111 Zwijsen, A (1994)] 

To which family does FSTL1 belong?
FSTL1 is a member of the secreted protein acidic rich in cysteins (SPARC) family, based on 
the presence of a follistatin domain and an extracellular calcium-binding domain, which 
binds calcium with its two EF-hand motifs. In the SPARC family trees described, however, 
FSTL1 is a unique member with no other proteins in its sub-branch  [122 Bradshaw, AD 
(2012)], [209 Vannahme, C (2003)]. Moreover, its extracellular calcium-binding domain 
does not bind calcium, unlike the other members of the SPARC family  [107 Hambrock, HO 
(2004)]. When FSTL1 is compared to the other follistatin-like proteins, FSTL1 shows more 
similarity to FSTL4 and -5 then to follistatin, or any other member of the SPARC family  

[138 Glusman, G (2004)]. FSTL4 and -5, in turn, are more similar to each other than to 
FSTL1  [119 Adams, D (2007)], both contain a 400 amino acids-long C-terminus not shared 
with FSTL1. The function of FSTL4 and -5 is not known. Interestingly, unlike FSTL3 and 
follistatin, both FSTL4 and FSTL5 have an extracellular calcium-binding domain in addition 
to their follistatin domain. Nonetheless, they are not considered to be a part of the SPARC 
family described in recent reviews  [122 Bradshaw, AD (2012)], [123 Brekken, RA (2001)]. 
Based on the criteria of having both a follistatin and an extracellular calcium-binding 
domain, however, the SPARC family would encompass FSTL4 and -5, it would then consist 
of the following branches: I) SPARC and Hevin; II) SPARC related modular calcium binding 
(SMOC)1,-2; III) Testican1,-2,-3; IV) FSTL1,-4,-5 (see Figure 1 phylogenetic tree). However, 
since the calcium-binding properties of the FSTL1 extracellular calcium-binding domain 
seem lacking  [107 Hambrock, HO (2004)] it can be disputed of whether the follistatin-
like proteins share any functional similarities to the other members of the SPARC protein 
family.

Regulators of FSTL1
FSTL1 originally was identified as the gene up-regulated in response to transforming growth 
factor beta (TGFβ) stimulation of an osteoblastic cell line  [110 Shibanuma, M (1993)]. 
Since then several factors have been shown to up-regulate FSTL1 such as interleukin 1, 
beta (IL1β), tumor necrosis factor alfa (TNFα), FBJ murine osteosarcoma viral oncogene 
homolog (FOS), extracellular signal-regulated kinases (ERK)1/2 or v-akt murine thymoma 
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viral oncogene homolog (AKT). Interestingly, some of these factors are also regulated by 
FSTL1 itself (Table1), suggestive of the presence of auto-regulatory feedback loops. In 
some cases the inducing action on FSTL1 can be attributed to induced TGFβ signaling. For 
instance, a state of induced TGFβ signaling was demonstrated upon transfection of cells 
with the oncogenic Adenovirus 12  [193 Vertegaal, AC (2000)]. Also estrogen-mediated 
induction of FSTL1 can be attributed to TGFβ signaling, as in the estrogen treated cells TGFβ 
was also reported to be upregulated  [112 Ohashi, T (1997)]. DNA regulatory elements for 
FSTL1 have not been studied extensively and are limited to the in vitro characterization of 
the promoter of FSTL1 which was bound and inhibited by the transcription factor Kruppel-
like factor 15 (KLF15) in a model of in vitro adipocyte differentiation  [108 Wu, Y (2010)].

FSTL1 in disease models
In several human diseases FSTL1 is implicated. In serum of rheumatic arthritis patients 
antibodies against FSTL1 were found  [186 Tanaka, M (1998)], [185 Tanaka, M (2003)]. 
Also FSTL1 itself is elevated in serum of rheumatic arthritis patients compared to control 
human serum  [201 Wilson, DC (2010)], [148 Kim, HA (2012)], [153 Li, D (2011)], [195 
Wang, Y (2011)]. The function of FSTL1 in immunologic conditions is not clear however, 
with opposing results of FSTL1 being either a pro  [161 Miyamae, T (2006)], [124 Chaly, 
Y (2012)], [127 Clutter, SD (2009)], [106 Murakami, K (2012)] or anti-inflammatory  [120 
Adams, DC (2010)], [146 Kawabata, D (2004)], [151 Le Luduec, JB (2008)], [185 Tanaka, M 
(2003)] molecule. It has been shown to interact with CD14 and toll-like receptor 4 (TLR4) 
(Figure 2)  [184 Tanaka, M (2010)], [106 Murakami, K (2012)] and it has been suggested 
that a dual role in inflammatory processes exists for FSTL1, one as a pro-inflammatory 
molecule via CD14 and TLR4 and, on the other hand, as an inhibitor of tissue destruction 
via the downregulation of Mmps, which is thought to be regulated via a different pathway 
involving DIP2 disco-interacting protein 2 homolog A (DIP2A) (see below), pAKT and up 
regulation of FOS  [106 Murakami, K (2012)]. 
In cardiac diseases FSTL1 seems to have a protective effect. In trans-aortic constricted 
hearts FSTL1 protects cardiomyocytes from apoptosis and hypertrophy via phosphorylated 
5’-prime-AMP-activated protein kinase (AMPK) signaling  [174 Shimano, M (2011)], [165 
Ogura, Y (2012)] and, in infarcted hearts, FSTL1 protects from apoptosis and induces 
angiogenesis via phosphorylated AKT signaling  [167 Oshima, Y (2008)], [157 Liu, S (2010)], 

[156 Liu, S (2006)], [168 Ouchi, N (2010)]. In the latter case the phosphorylated AKT 
signaling was dependent on the interaction of FSTL1 with the transmembrane protein 
DIP2A functioning as a receptor for FSTL1. 
In cancer development loss of FSTL1 expression is usually associated with progression 
to a more proliferative and metastatic state of the cancer, although for proliferation and 
apoptosis opposing results are also reported  [135 Geng, Y (2011)], [203 Xu, J (2012)], [126 
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Chan, QK (2009)], [156 Liu, S (2006)], [176 Sumitomo, K (2000)], [157 Liu, S (2010)], [165 
Ogura, Y (2012)], [167 Oshima, Y (2008)], [168 Ouchi, N (2010)].
In the nervous system FSTL1 is expressed specifically in the visual cortex of primates, 
in an activation dependent manner, but not in mice (reviewed in  [196 Watakabe, A 
(2006)]). In mice FSTL1 was shown to be important for sensory neuron functioning. It 
was demonstrated that FSTL1 directly binds to the ATPase, Na+/K+ transporting, alpha 
1 polypeptide (ATP1A1) subunit of the Na/K ATPase, activating it, which in turn resulted 
in an inhibition of synaptic transmission; mice deficient for FSTL1 in the sensory neurons 
exhibited higher pain sensitivity  [155 Li, KC (2011)].

Figure 2: Schematic representation of the known signaling events effected by Fstl1
The corresponding references are listed in the supplementary table 1.
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FSTL1 loss of function defects in development

Dorso-ventral axis establishment.
In chicken, zebrafish and frogs, FSTL1 is expressed from early gastrulation onwards  [114 
Patel, K (1996)], [4 van den Berg, G (2007)], [118 Dal-Pra, S (2006)], [166 Okabayashi, K 
(1999)], primarily in the organizer, primitive streak, notochord and floor plate of the neural 
groove. In chicken embryos, where an explanted Hensen’s node induces a second axis, 
FSTL1 expression was detected in the ectoderm of the newly induced neural groove  [114 
Patel, K (1996)]. Later in development FSTL1 is expressed in somites, preferentially at the 
dorso-medial side, facing the axial structures  [113 Amthor, H (1996)]. When the developing 
somites are experimentally separated from the axial structures, like the neural tube and 
notochord, FSTL1 expression is lost. Experimental deletion or addition of the notochord 
did not affect the expression of FSTL1, whereas removal of the neural tube did, suggesting 
that FSTL1 expression in somites is regulated by signals derived from the neural tube  [113 
Amthor, H (1996)]. 
In antisense oligonucleotide-treated chicken embryos, early loss (Hamburger Hamilton 
stage 4) of FSTL1 was associated with defects in both establishment of the dorso-ventral 
body axis and decreased neurulation  [190 Towers, P (1999)]. 
Establishment of the dorso-ventral axis greatly depends on BMP signaling, which imposes 
ventral identity on the gastrulating embryo, whereas active inhibition of BMP signaling at 
the other side of the embryo is required for its dorsal identity  [210 Plouhinec, JL (2011)]. 
Deficiency or knock-down of the BMP antagonist chordin in zebrafish results in partial 
ventralisation  [118 Dal-Pra, S (2006)]. In zebrafish fstl1b is expressed in the gastrula stage 
embryos, whereas fstl1a is expressed at later stages  [118 Dal-Pra, S (2006)], [117 Esterberg, 
R (2008)]. Knockdown of only fstl1b did not result in a phenotype, however, in addition 
to chordin knock down, fstl1b morpholinos aggravated the ventralisation phenotype to a 
degree comparable to combined noggin and chordin knockdown, demonstrating a role for 
fstl1b in the BMP mediated dorso-ventral axis establishment  [118 Dal-Pra, S (2006)].

Skeletal development
In mice, homozygous loss of FSTL1, results in various skeletal defects including the 
development of the limbs, axial skeleton, sesamoid bones and cartilage of the tracheal 
rings  [177 Sylva, M (2011)]. Like in zebrafish dorso-ventral axis establishment, a parallel 
between chordin and FSTL1 function can be drawn in mouse skeletal development, 
since both KO mice suffer from decreased tracheal cartilage formation, and hypoplastic 
development of the first cervical vertebra, or atlas  [211 Bachiller, D (2003)], [177 Sylva, M 
(2011)], [135 Geng, Y (2011)]. Digit defects in FSTL1 KO mice comprise loss of digit numbers 
due to the bony fusion of digits as well as abnormal fusion of digit joints. Both processes 
are under control of BMP signaling and show a similar phenotype in absence of normal 
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BMP inhibition  [212 Khokha, MK (2003)], [213 Seemann, P (2009)]. Recently mutations 
in another SPARC family member, SMOC-1, were shown to be causal for Waardenburg-
Anophthalmia-Syndrome, also known as Opthalmo-Acromelic-Syndrome  [214 Rainger, 
J (2011)], [215 Abouzeid, H (2011)], [216 Okada, I (2011)]. Apart from the ocular 
manifestations, patients with Waardenburg-Anophthalmia, also suffer from various digit 
defects including the bony fusion of digits and bony fusions of digit joints. In knockdown 
experiments in Xenopus it was demonstrated that SMOC-1 functioned as a BMP inhibitor  

[217 Thomas, JT (2009)]. However, unlike the mechanism proposed for FSTL1 (see below) 
and all other known secreted BMP inhibitors, SMOC-1 acts on the intracellular part of the 
BMP signaling cascade, by stimulating ERK1/2 mediated phosphorylation of SMAD1/5/8  

[217 Thomas, JT (2009)]. The missense mutations reported in Waardenburg-Anophthalmia 
are all located in the thyroglobulin module of the protein, which is not shared between 
FSTL1 and SMOC-1, which further underscores the different modes of action between 
FSTL1 and SMOC-1 in their effect on BMP signaling  [214 Rainger, J (2011)].
Heterozygous FSTL1 KO mice suffer from asymmetrical rib sternum attachments, which 
strikingly is not observed in mice with increased BMP signaling, but is present in mice with 
decreased BMP signaling, namely the BMP7 KO mice. Additionally, FSTL1 KO mice display 
campomelia, which encompasses bending of the long bones, a phenotype observed in 
cases of heterozygous sex determining region Y-box 9 (SOX9) loss as seen in Campomelic 
Dysplasia in humans and heterozygous deletion of Sox9 in mice  [218 Wagner, T (1994)], 

[219 Bi, W (2001)], [220 Foster, JW (1994)]. No BMP inhibitor or ligand mutant is known to 
have this condition  [177 Sylva, M (2011)]. Other human diseases involving the bending of 
the long bones, do not appear to have mutations in BMP regulating genes  [221 Cormier-
Daire, V (2004)].

Lung development
In FSTL1 KO mice the development of the lungs is abnormal. In this condition increased 
proliferation of the epithelial cells, results in thickened alveolar membranes  [177 Sylva, M 
(2011)], [135 Geng, Y (2011)]. Decreased differentiation of Alveolar Epithelial Cells (AEC) -I 
cells and immature AEC-II cells as well as impaired surfactant maturation was observed in 
FSTL1 KO lungs. The combination of impaired lung maturation and absence of most of the 
tracheal cartilage most likely results in the perinatal death of the FSTL1 KO mice. 
Lung development can be subdivided in different steps. During the first “pseudoglandular” 
stage, in which, initiated by fibroblast growth factor 10 (FGF10), the ventral part of the 
foregut buds off from the future oesophagus. Then, by a stereotyped form of branching, 
the embryonic lung is formed. During the “canalicular” and “saccular” stages of lung 
development, the embryonic lung matures into an efficient gas-exchange unit, by 
developing numerous alveoli with thin membranes and production of surfactant (reviewed 
in  [222 Morrisey, EE (2010)]). It is most likely that the abnormalities observed in the FSTL1 
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KO lungs develop in the latter two stages. 
From the budding of the future trachea onwards BMP signaling plays important roles in lung 
development determining the branching pattern during early development [223 Cardoso, 
WV (2006)]. In later stages of lung development inhibition of normal BMP signaling by 
over-expression of the BMP inhibitor noggin or a dominant negative BMP receptor 
(dnALK6) results in abnormal alveoli formation  [224 Weaver, M (1999)]. Mice deficient 
for the BMP inhibitor Gremlin also die at birth in respiratory distress and display deficient 
alveolar formation  [225 Michos, O (2004)]. An additional mechanism of BMP regulation 
in lung development has been suggested. The FGF10 downstream target Cathepsin H 
was suggested to regulate BMP4 post-translationally by determining the eventual protein 
concentrations, as chemical inhibition of Cathepsin H, resulted in increased BMP4 protein 
concentrations in cultured lungs  [226 Lu, J (2007)]. Interestingly, one of the proteins 
regulating surfactant maturation is Cathepsin H  [227 Buhling, F (2011)], illustrating a 
possible link between abnormal BMP signaling and immature surfactant production 
observed in FSTL1 KO mice. 
Lungs of FSTL1KO mice showed increased levels of phosphorylated SMAD1/5/8 indicative 
of increased BMP signaling activity. Culture of FSTL1 KO lungs in the presence of the BMP 
inhibitor noggin resulted in a decrease of the lung defects, further underscoring that 
uninhibited BMP signaling underlies the observed malformations. In in-vitro assays, FSTL1 
over-expression was shown to inhibit activation of a BMP reporter plasmid, by BMP4  [135 
Geng, Y (2011)]. 
Co-immunoprecipitation experiments demonstrated that FSTL1 can bind to both the BMP 
receptor BMPRII and BMP4. Based on these results it was proposed that FSTL1 interferes 
with receptor ligand interactions, and by doing so inhibits BMP-signaling.

FSTL1 in ureter development.
In FSTL1 KO mice hydroureters are observed from ED16 onwards  [203 Xu, J (2012)]. 
Defects in ureter development are part of the disease group: “congenital anomalies of 
the kidney and urinary tract (CAKUT)”, which are as prevalent as 0.2-2% of newborns. 
Congenital obstructive nephropathy is reported as one of the most common causes for 
renal dysfunction in children. Urine collected in the renal pelvis is transported to the 
bladder by the ureter. For the ureter to function normally, smooth muscle cells propel the 
urine in a peristaltic fashion towards the bladder. Defects in ureter development that result 
in abnormal peristalsis or ureter-bladder connections, cause hydroureter and obstructive 
nephropathy  [228 Airik, R (2007)].
The ureter buds from the caudal part of the Wolffian duct and is, at this stage, not directly 
connected to the cloaca, which will later form the bladder. The part of the Wolffian duct 
caudal to the ureter budding site, connects the embryonic ureter to the cloaca, is termed 
the common nephric duct (CND) and will not be part of the eventual uretero-vesical 
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junction (UVJ), as demonstrated by creLox lineage tracing studies  [229 Mendelsohn, C 
(2009)]. The CND will disappear via apoptosis, a crucial event for formation of normal 
ureter bladder connections  [230 Batourina, E (2005)]. Eventually the ureter runs diagonally 
through the bladder wall which results in a sphincteric function of the distal part of the 
ureter, preventing backflow of urine. 
Abnormal budding locations of the ureter, or delayed connection of the Wolffian duct 
to the cloaca (or disorders in apoptosis surrounding the bladder) will result in abnormal 
connections of the ureter to the bladder, giving rise to ureteral reflux, due to insufficient 
sphincteric functions of the UVJ.
The mesenchyme surrounding the developing ureter is important for ureter development 
in at least two distinct ways, namely by providing the smooth muscle cells that will surround 
the ureter and propel the urine towards the bladder peristaltically and by providing signals 
to the ureter epithelium, which will cause its differentiation into an urothelium. The 
mesenchyme surrounding the ureter, unlike the renal mesenchyme, originates from tail 
bud-derived mesenchyme, at least in chick  [228 Airik, R (2007)], [231 Brenner-Anantharam, 
A (2007)]. 
BMP signaling is imperative to urinary tract development, regulating different processes, 
involving both kidney formation as well as development of the ureter and its surrounding 
smooth muscle cells  [228 Airik, R (2007)]. Due to this multitude of BMP effects on urinary 
tract development, distinct yet linked defects are observed in BMP mouse mutants.
In BMP4 heterozygous mice the ureter buds from the Wolffian duct more cranially, resulting 
in a longer common metanephric duct, and eventually an abnormal location of the UVJ, 
which likely contributes to the hydroureter phenotype  [232 Miyazaki, Y (2000)]. Also the 
development of the peri-ureteric smooth muscle cells is impaired in BMP4 heterozygous 
mice, adding to the causes for hydroureter  [233 Miyazaki, Y (2003)].
In FSTL1 KO mice, peristalsis of the ureter appeared to be normal, but the UVJ was displaced 
posteriorly, likely resulting in impaired sfincteric function of the UVJ. However, when the 
events that might cause the abnormal position of the UVJ, were investigated, the budding 
site of the ureter from the Wolfian duct was normal, as were the levels of smooth muscle 
cells surrounding the ureter. Also, no abnormalities in apoptosis were observed in the 
mesenchyme surrounding the CND. Therefore, although both BMP4 KO mice and FSTL1 
KO mice display hydroureter and abnormal UVJ connections, the underlying mechanism 
appears to be different between the two mouse mutants. Decreased rates of proliferation 
were measured in FSTL1 KO ureters and it was suggested that this might have been causal 
for the development of the abnormal UVJ positions.
However, another factor in determining the UVJ is the primitive bladder itself. The ureter 
enters the bladder in a hilus-like structure, together with the connecting bladder vessels. 
In absence of the ureter the hilus-like structures still develops, with the connecting vessel 
running through this hilus, suggesting that the entry site of the ureter forms independent 
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of a connecting ureter  [234 Viana, R (2007)].
In humans, defects in the transcription factor homeobox A13 (HOXA13) give rise to the 
hand-foot-genital syndrome, which involves multiple defects of the urogenital sinus, like 
hypospadias and bicornuate uterus. HOXA13 is expressed in the developing cloaca and 
not in the developing ureters. Interestingly, in hand-foot-genital syndrome, hydroureters 
occur, due to abnormal sphincteric function of the UVJ. This is demonstrated by the fact 
that the hydroureters can be resolved by surgical re-implantation of the ureters  [235 Verp, 
MS (1989)]. The ureter defects in hand foot genital syndrome therefore demonstrate the 
importance of normal cloaca development for proper UVJ formation. In mice, HOXA13 
deletion alone is not sufficient to induce hydroureter, but an additional deletion of the 
highly related HOXD13 gene results in a phenotype comparable to the human situation  

[236 Innis, JW (2004)], [237 Scott, V (2005)], indicating that mouse models are inadequate 
to study this disease. 
In addition to the urogenital defects, reduced finger or toe numbers, as seen in the FSTL1 
KO mice  [177 Sylva, M (2011)], are also part of the hand foot genital syndrome. Moreover, 
in a screen for genes downstream of HOXA13, FSTL1 was shown to be one of the genes 
regulated by HOXA13 in vitro  [200 Williams, TM (2005)]. In vivo, FSTL1 was then shown 
to be down regulated in HOXA13 KO limb buds  [200 Williams, TM (2005)]. The above-
mentioned studies suggest that FSTL1 is an important downstream factor of HOXA13 in the 
etiology of the hand-foot-genital syndrome.
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Possible mechanism of BMP inhibition by FSTL1

BMP signaling and inhibitors
In most developmental defects observed in FSTL1 KO mice, BMP signaling appears to be 
the main pathway affected. Normal BMP signaling takes place when BMP molecules bind 
to a type 1 receptor on the cell membrane, than a type 2 receptor is recruited to form 
a complex, which results in the intracellular phosphorylation of R-SMAD1,5,8 molecules. 
These molecules, with coSMAD4, influence transcription regulation.
Inhibitors of BMP signaling can act both extra- and intra-cellularly, due to the secreted 
nature of FSTL1 it is assumed that it functions outside of the cell. Extracellular inhibitors 
of BMP signaling, like chordin, noggin or gremlin, function by scavenging the BMP ligands, 
preventing them to bind to the BMP receptors. A somewhat different model is proposed 
for the function of FSTL1  [135 Geng, Y (2011)], [203 Xu, J (2012)]. Unfortunately, confusion 
is raging in the field. It has been shown that FSTL1 can bind to BMPs like BMP4 and BMP2  

[135 Geng, Y (2011)], [184 Tanaka, M (2010)], [208 Zhou, J (2006)] and also to their BMP 
receptors. It has therefore been put forward that FSTL1 functions as a BMP inhibitor by 
inhibiting the formation of the BMP ligand-receptor complex, and not as a normal scavenger  

[135 Geng, Y (2011)], [203 Xu, J (2012)]. It has been suggested that the BMP type 2 receptor 
is specifically bound to FSTL1 and not the type 1 ALK6 receptor  [135 Geng, Y (2011)]. 
Whereas others showed that not the type 2, but the type 1 receptors, bind to FSTL1  [203 
Xu, J (2012)]. In the latter study co-immuno precipitation experiments, over-expressing 
FSTL1 and various type 1 BMP receptors, gave rise to different results, depending on the 
cell lines used  [203 Xu, J (2012)]. In all cell lines ALK6 was co-immunoprecipitated, but only 
in some cases ALK3 was also precipitated. Just as puzzling are the results of FSTL1 BMP 
ligand interaction experiments, where it is shown that FSTL1 can interact with not only 
the BMP ligands, but also with other TGFβ super family members, Activin A or TGFβ1, the 
latter having the highest affinity for FSTL1 of all tested ligands  [135 Geng, Y (2011)], [184 
Tanaka, M (2010)], [208 Zhou, J (2006)]. Yet, these interactions have not been shown to 
have effects on their downstream signaling  [135 Geng, Y (2011)], [238 Oshima, Y (2009)]. 
The observation that the phenotypes of FSTL1 KO mice do not always resemble the 
phenotypes of other BMP inhibitor KO mice, but sometimes, on the contrary, are similar 
to phenotypes of decreased BMP signaling, like in the case of asymmetrical rib sternum 
attachments  [239 Luo, G (1995)], adds to the confusion.
Perhaps the most puzzling, is the fact that no developmental defects have been described 
in zebrafish  [118 Dal-Pra, S (2006)], frogs  [166 Okabayashi, K (1999)], or mice  [157 Liu, 
S (2010)] upon over-expression of FSTL1, which, if FSTL1 were a “simple” BMP inhibitor 
molecule, seems unlikely. What it is, that makes FSTL1 such an ambiguous BMP inhibitor 
and on what factors the specificity of FSTL1 to the ligands and their receptors rely, is still 
unknown. 
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Concluding remarks

FSTL1 is a secreted protein affecting many different biological processes including 
development. The proposed mechanisms of the developmental defects are related to 
disturbed BMP signaling. The mode of FSTL1 affecting BMP signaling in development, 
however, remains highly confusing. Moreover, what underlies the fact that in development 
FSTL1 seems to signal through BMP signaling, in cardiac disease through the AKT and 
AMPK pathway, in immunological diseases through binding to CD14 and TLR4 and in the 
nervous system via activation of the Na/K ATPase, is completely unknown. Much more 
work is needed to unravel the functions of FSTL1 and integrate the different pathways this 
protein affects.
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Abstract
Follistatin-like 1 (FSTL1) is a secreted protein of the bone morphogenetic proteint (BMP) inhibitor class. During 

development, expression of Fstl1 is already found in cleavage stage embryos and becomes gradually restricted to 

mesenchymal elements of most organs during subsequent development. Knock down experiments in chicken and 

zebrafish demonstrated a role as a BMP antagonist in early development. To investigate the role of Fstl1 during 

mouse development, a conditional Fstl1 KO allele as well as a Fstl1-GFP reporter mouse were created. KO mice die 

at birth from respiratory distress and show multiple defects in lung development. Also, skeletal development is af-

fected. Endochondral bone development, limb patterning as well as patterning of the axial skeleton are perturbed 

in the absence of Fstl1. Taken together, these observations show that FSTL1 is a crucial regulator in BMP signalling 

during mouse development.
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Introduction

Bone morphogenetic protein (BMP) signalling is crucial for virtually all developmental 
processes  [240 Hogan, BL (1996)]. BMPs were originally identified as inducers of ectopic 
bone formation in vivo  [241 Wozney, JM (1988)]. Disruption of components required for 
canonical BMP signaling has demonstrated a role in skeletal development: deletion of 
either BMP ligands, their receptors or their downstream signaling molecules SMAD 1/5/8 
results in diminished or absent endochondral bone formation  [242 Bandyopadhyay, A 
(2006)], [243 Retting, KN (2009)], [244 Yoon, BS (2005)]. Also, BMP is involved in limb bud 
patterning as a negative regulator of fibroblast growth factor (FGF) expression in the apical 
ectodermal ridge  [245 Pizette, S (1999)].
For normal development, careful control of BMP signaling activity is required, with secreted 
BMP antagonists being essential regulators  [246 Umulis, D (2009)], [247 Walsh, DW 
(2010)]. Mice deficient for the BMP inhibitor Noggin show excessive cartilage formation 
and absence of joint formation  [248 Brunet, LJ (1998)]. Loss of Noggin can partially be 
rescued by haplo-insufficiency of Bmp4  [249 Wijgerde, M (2005)]. Chordin-deficient mice 
display malformations of the axial skeleton as well as defects of the tracheal cartilage  [211 
Bachiller, D (2003)]. Gremlin is involved in limb bud patterning, its knockout (KO) results 
in less digits and fused forearm bones  [212 Khokha, MK (2003)]. Loss of Follistatin results 
in a decrease in the number of lumbar vertebrae and hypoplasia of the 13th pair of ribs  
[250 Matzuk, MM (1995)]. Taken together these findings underscore the importance of 
extracellular inhibitors of BMP signaling in normal development.
Follistatin-like 1 (FSTL1) is a BMP inhibitor. Its role in mouse development is unknown. Since 
its first identification  [110 Shibanuma, M (1993)], Fstl1 homologues have been isolated 
and found to be conserved down to ticks  [251 Zhou, J (2006)]. In silico analysis of Fstl1 
identifies a domain similar to follistatin suggesting a role in TGFβ super-family inhibition. 
The interaction of FSTL1 with TGFβ super-family members is confirmed in Biacore analyses  
[184 Tanaka, M (2010)].
During development Fstl1 is already expressed in early stage embryos and becomes 
gradually restricted to the mesenchyme of most organs  [119 Adams, D (2007)], [4 van 
den Berg, G (2007)], [118 Dal-Pra, S (2006)]. Knock down of the chicken Fstl1 homologue, 
FLIK, results in reduction of paraxial mesoderm, perturbed dermamyotome specification 
and failure of neural induction, implying perturbation of BMP signalling  [190 Towers, P 
(1999)]. In zebrafish, Fstl1 is duplicated (fstl1a and fstl1b), loss of fstl1b in chordin-deficient 
embryos aggravates the ventralisation phenotype. This effect is comparable to loss of 
noggin in those embryos  [118 Dal-Pra, S (2006)]. Knock down of both fstl1a and fstl1b 
results in an increase in chorda mesoderm  [117 Esterberg, R (2008)]. This phenotype 
can largely be rescued by inhibiting bmp4 expression, suggesting an interaction between 
Bmp4 and Fstl1a/1b. This is further substantiated by the observation that BMP specific 
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phosphorylated Smad1/5/8 are decreased in fstl1a/1b deficient embryos Moreover, in 
vitro assays suggest that FSTL1 is able to inhibit BMP4-mediated SMAD-signalling  [135 
Geng, Y (2011)]. Taken together in vitro and in vivo studies point to FSTL1 as an important 
BMP inhibitor during development.
To investigate the functional role of Fstl1 during development, we created a KO allele of 
Fstl1 as well as a GFP mouse line. Homozygous mice of both strains die at birth due to 
developmental malformations. Extensive skeletal and respiratory defect was observed in 
the Fstl1 mutant embryos similar to many other BMP antagonists knockout phenotypes. 
Here we report that the BMP antagonist FSTL1 is essential for embryonic skeletal and lung 
organogenesis. There is a recent publication during the preparation of this article where 
Geng and colleagues also demonstrated that FSTL1 affects lung development through 
suppressing BMP4 signaling pathway  [135 Geng, Y (2011)]. Their data partially overlap 
with ours which lends further support to the important role of the BMP antagonist FSTL1 
in embryogenesis.
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Materials and methods

All experimental procedures complied with national and institutional guidelines. The 
Institutional Welfare Committee of the University of Amsterdam and Utrecht University 
approved the generation, breeding, and analysis of the Fstl1-/- and Fstl1G/G lines, respectively. 
The approvals are registered as “DAE10484: Analyse van de rol van Follistatin-like 1 (Fstl1) 
tijdens de ontwikkeling van het embryo en het hart” for the Fstl1-/- line and “HL10.1017: 
The role of Fstl1 in development and tissue homeostasis” for the Fstl1G/G line.
To generate the Fstl1-/- (Fig. 1A,C), the 12965 bp Asp718I fragment containing Fstl1 
sequences ranging from 6 kb upstream of exon 1 to 6.5kb downstream of exon 2, was 
isolated from bacterial artificial chromosome RP23-1F14 (http://bacpac.chori.org). The 
435bp SacII-ApaLI fragment was subcloned and in the ApaI site located in intron1 the loxP 
site was inserted and sequence verified. The Asp718I-SacII and SacII-ApaLI fragments were 
inserted into pKOII  [252 Bardeesy, N (2002)] creating the 5’ and the 3’ flank by inserting 
the ApaL-Asp718I fragment. Vector sequences were removed and electroporated into V6.5 
(C57Bl/6 x 129/Sv) stem cells. Clones were selected using diphtheria toxin and neomycin, 
and checked by PCR, Southern blotting, and karyotyping. Male chimeras were crossed with 
FVB females. Offspring was crossed with the FlpE mouse line  [253 Farley, FW (2000)] to 
remove the Neo-cassette and subsequently with the CMV-cre line  [254 Su, H (2002)] to 
remove exon 2. This line is maintained on a FVB background. The Fstl1-/- line was created 
and is breed in the animal facility of the University of Amsterdam.
To generate the Fstl1G/G, the EGFP-IRES-creERT2 cassette was inserted into the ATG of 
Fstl1 as previously described  [255 Barker, N (2007)] (Fig. 1B,C). Fstl1 flanking arms were 
generated from 129S7-derived genomic BAC clones. The construct was electroporated into 
male 129/Ola-derived IB10 embryonic stem cells (provided by The Netherlands Cancer 
Institute). Clones were selected using neomycin, and checked by PCR, Southern blotting, 
and karyotyping. Male chimeras were crossed with C57BL/6 females. Offspring was 
crossed with PGK-cre mice  [256 Lakso, M (1996)] to remove the neomycin-cassette. This 
line is maintained on a C57BL/6 background. The Fstl1G/G line was created and is breed in 
the animal facility of the Hubrecht Institute.
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In situ hybridization
In situ hybridization was performed essentially as previously described  [257 Somi, S (2006)]. 
Sectioned were deparaffinized, rehydrated in a graded series of alcohol and incubated 
with 10 mg/ml proteinase K dissolved in PBS for 15min at 37oC. The proteinase K activity 
was blocked by rinsing the sections in 0.2% glycine in PBST (PBS + 0.05%Tween-20) for 
5 min. After rinsing in PBS, the sections were postfixed for 10min in 4% PFA and 0.2% 
glutaraldehyde in PBS, followed by rinsing in PBS. After prehybridization for at least 1 hr 
at 700C in hybridization mix (50%formamide, 5xSSC (20xSSC; 3M NaCl, 0.3M tri-sodium 
citrate, pH 4.5), 1% blocking solution (Roche), 5mM EDTA, 0.1% 3-[(3-Cholamidopropyl) 
dimethylammonio]-1-propanesulfonate (Sigma; Steinheim, Germany), 0.5 mg/ml heparin 
(BD Biosciences; Erembodegem, Belgium), and 1mg/ml yeast totalRNA (Roche), a digoxigenin 
(DIG)-labeled probe was added to the hybridization mix in a final concentration of 1 ng/ml. 
Probes specific to SRY (sex determining region Y)-box 9 (Sox9), paired related homeobox 
1 (Prrx1), collagen type II alpha 1 (Col2a1), collagen type X alpha 1 (Col10a1) and Fstl1 
were used. After overnight hybridization, the sections were rinsed with 2xSSC, followed 
by two washes with 50% formamide, 2xSSC, pH 4.5, at 65oC, and rinsing in TNT (0.1M 
Tris-HCl, pH=7.5, 0.15M NaCl, 0.05% Tween-20) at room temperature. Subsequently, the 
sections were incubated for 1 hr in MABT-block (100mM Maleic Acid, 150mM NaCl, pH7.4, 
0.05% Tween-20, 2% blocking solution), followed by 2 hours  incubation in MABT-block 
containing 100 mU/ml alkaline phosphatase-conjugated anti-DIG Fab fragments (Roche 
catnr: 1093274). After rinsing in TNT and subsequently in NTM (100mM Tris pH9.0 100mM 
NaCl, 50mM MgCl2), probe binding was visualized using nitro blue tetrazolium chloride 
and 5-bromo-4-chloro-3-indolyl-phosphate (Roche catnr: 1681451). Color development 
was stopped by rinsing in double-distilled water. The sections were dehydrated in a graded 
ethanol series, rinsed in xylene, and embedded in Entellan. Images were recorded using a 
Leica DFC320 camera mounted on an AxioPhot microscope (Zeiss).
The coding sequence of mouse Fstl1 was PCR amplified, cloned in pBluescript SK+ 
(Stratagene), and sequence verified.

Immunohistochemistry
Immunofluorescent staining was essentially performed as described  [258 Snarr, BS (2007)]. 
In short, after deparaffinization and rehydration in a graded series of alcohol, the sections 
were boiled for 5 minutes in antigen unmasking solution (H3300, Vector), 15 min incubated 
in PBS + 1% Triton-X100, and the signal was amplified with tyramide signal amplification 
(TSA NEL702, Perkin Elmer). The following primary antibodies were used: anti-Sox9 
(Millipore, ab5535, 1:1000), anti-SPC (Millipore, AB3786, 1:250) and anti-GFP (Abcam, 
ab5450, 1:200). For immunofluorescent visualization Alexa488 or Alexa568 conjugated 
goat-anti-rabbit and goat-anti-mouse antibodies (Molecular Probes; 1:250) were used 
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as secondary antibodies. Nuclei were visualized using Topro3 (Molecular Probes; 1:500). 
Fluorescence was visualized using a Leica SPE confocal laser scanning microscope. For DAB 
staining a Horse-radish peroxidase conjugated anti-rabbit antibody (Envision) was used.

Skeletal staining
Cartilage and bone were stained in embryos of various stages as previously described  [259 
Bussen, M (2004)]. Embryos were fixed in 96% ethanol at room temperature overnight. 
Embryos of E17.5 and older were skinned before fixation. To stain the cartilage embryos 
were incubated in 80% ethanol, 20% glacial acetic acid and 150 mg/ml Alcian Blue 8GX 
(Michrome Edward Gurr Limited, London, UK) overnight. The embryos were incubated 
in 96% ethanol, that was replaced every 2 hours and the final incubation was overnight. 
Embryos of E14.5 and younger were passed to methanol in glass containers and the tissue 
was made translucent by incubation in a solution of Benzylbenzoate and Benzylalcohol 
(2:1). Embryos of E15.5 and older were incubated with 2% KOH solution for 2 hours prior to 
overnight staining of the bones in 0.5% KOH and 50 mg/ml Alizarin Red S (BDH Chemicals). 
The staining solution was replaced by 0.25% KOH and replaced daily until the tissue was 
translucent. Subsequently, the embryos were passed to 30% glycerol for long term storage.
To visualize the calcified bones in neonatal mice microCT scans (CT 40, Scanco Medical AG, 
Brüttisellen Switzerland) were made using standard settings. The obtained images were 
reconstructed in 3D using Amira and visualized using 3D-PDF  [260 de Boer, BA (2011)]
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Results

Neonatal lethality of Fstl1 deficient mice
Fstl1 knockout (KO) and GFP reporter alleles, Fstl1-/+ and Fstl1G/+ respectively, were 
generated. Both alleles predictably do not produce intact protein (Fig1. A,B). The Fstl1G/+ 
mice allow us to visualize Fstl1 expression during embryogenesis in vivo, Fstl1 is strongly 
expressed in endothelium and mesenchyme of multiple organs throughout embryogenesis 
(Fig1. D-L). In developing limbs and axial skeleton Fstl1 mRNA is expressed complementary 
to the bone precursor marker Sox9 (Fig. 1I-L). Also in Fstl1G/+ mice, GFP-expressing cells 
do not overlap with Sox9-positive chondrocytes (Fig. 1E,F). This pattern does not change 
during development (Fig. 1J), suggesting a role in limb patterning. In lung, GFP-positive 
Fstl1 expressing cells are detected in mesenchyme surrounding airways as well as in 
endothelium of blood vessels (Fig. 2A).
Both Fstl1-/+ and Fstl1G/+ heterozygous strains show no obvious defects. In both strains 
homozygous mice are found in normal Mendelian ratios up to embryonic day (E) 18.5. 
However, at neonatal day 0 no living KO mice are retrieved. At birth Fstl1 KO mice change 
colour from pink to purple while gasping and die within minutes, suggesting a respiratory 
defect.
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Fig.1. Generation of the transgenic mice and Fstl1 expression pattern
(A-C) Strategies for the generation of the transgenic mice. GFP expression (D’,G’,H’) in Fstl1+/+ and Fstl1G/G at E12.5 (D,D’) and 
E16.5 (G-H’). (E,F) Immunofluorescent staining showing GFP (green), Sox9 (red), and Dapi (blue) on sections of Fstl1G/+ embryos 
(NT=neural tube; l=limb; lu=lung; A=Aorta). (I) Immunohistochemistry showing GFP surrounding the long bones of the fore limb. 
Expression pattern of Fstl1 (J-L) and Sox9 (J’-L’) mRNA in adjacent sections. (arrow=interdigital space, u=ulna, r=radius, BS=Base 
of skull, C1=Atlas, P=phalanxes, MC=metacarpals, C=carpals)
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Fig. 2. Lung phenotype
(A) Immunofluorescent staining of GFP (green) in E17.5 Fstl1G/+ lung. ((A) overview, (A’) detail, B=Bronchioles, BV=blood 
vessels). E17.5 lungs of  Fstl1+/+ (B-D) and Fstl1G/G (B’-D’): (B,B’) gross morphology (C,C’) histology by H&E staining, and (D,D’) 
immunohistochemistry of surfactant-associated protein C (SPC).

Tracheomalacia and lung differentiation defects in Fstl1 mutants
To investigate the cause of neonatal lethality of Fstl1 KO mice, the respiratory tract was 
analyzed. No inflation of the lung is detected in any of the Fstl1G/G dead mice (data not 
shown), documenting the inability to breath of Fstl1 KO mice upon birth. 
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Skeletal staining on whole-mounts and tissue sections reveals both ill spaced and 
hypoplastic tracheal rings (Fig. 3C-E), explaining the respiratory distress and subsequent 
death. Comparison of the late embryonic lung morphology shows irregular bubble-
shaped lobes in Fstl1G/G lungs instead of the typical pyramidal shape of the wild type 
and heterozygous lobes (Fig. 2B). Histological analyses of E17.5 lungs reveal abnormal 
patterning of proximal and distal airway epithelium. Fstl1 deficient lungs display irregular, 
enlarged proximal bronchioles and smaller, enclosed distal sacs (Fig. 2C). Immunostaining 
for the distal respiratory tract specific epithelial marker pulmonary surfactant-associated 
protein C demonstrates a tight, focal structure of the distal alveolar airspaces in Fstl1G/G 
lungs compared to wild-type (Fig. 2D).

Axial skeletal defects 
At E18.5 KO embryos are smaller than their wild type littermates (Fig. 3A,B). Skeletal 
preparations showed abnormal curvature of the spine, with increased cervical lordosis 
and lumbar kyphosis. Additionally, the head is displaced ventro-caudally and positioned 
in front of the neck. To study the neck in detail micro-CT scans were performed and 
reconstructed in 3D (Fig. 3B, S1-S2), showing ventro-caudal displacement of the atlas; its 
anterior arch is positioned in front of the cervical spine (Fig. 3F,G). The posterior part of the 
cervical vertebrae is missing along with the attachment of the anterior arch of the atlas to 
its posterior arch. Notably the dens axis is present in the KO situation. Moreover, reduced 
ossification of the vertebral bodies of the spine is observed in KO mice (Fig. 3H). 
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Fig. 3. Skeletal phenotype I
Skeletal staining (A,A’) and microCT scans (B,B’) of E18.5 embryos. Skeletal staining of sagital sections (C,C’), isolated trachea 
(D,D’) and close-up (E.E’) of the trachea in situ (L=Larynx, T=Trachea, arrows= tracheal cartilage). (F,F’) Lateral views of microCT 
scans of the neck. (G,G’) Skeletal staining of the cervical vertebrae (C1=Atlas, AAA=Anterior Arch of the Atlas, PAA=Posterior Arch 
of the Atlas, C2=Axis, D=dens axis). (H,H’) Alizarin red staining of the neck (arrows=ossification centers).
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Limb defects
In skeletal preparations, bending of the radius and ulna (known as campomelia) as well 
as of the humerus, femur and fibula are observed in Fstl1 KO mice (Fig. 4A). Instead of 
running in parallel to the tibia, the fibula is curved and its proximal attachment is displaced 
from lateral to medial (Fig. 4A). Probably due to this abnormal alignment of the fibula, 
twisted hind limbs are frequently observed in KO mice. In addition some KO mice display 
hip displacement and all KOs show absence of the patella and fabella (Fig 4G). In addition 
to the defects in the long bones, Fstl1G/G mice show several digit abnormalities. These 
include the delayed ossification of the metacarpals, distorted and irregular alignment of 
the digits, as well as fusion of digits at the site of the proximal phalanxes (Fig. 4D-F). 
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Fig. 4. Skeletal phenotype II
(A) Limbs of E18.5 and E16.5 embryos (asterisk=bend bones, arrow=displaced hip, arrow head=abnormal fibula attachment). 
(B,B’) Skeletal staining of E14.5 embryos showing abnormal spine curvature and bend radius (arrow) in E13.5 (C,C’). (D) Delayed 
ossification and curved digits in Fstl1G/G mice. (E-F’) Digital fusion (arrow) in Fstl1G/G mice. (G) Absence of patella (P) and fabella 
(F) in Fstl1-/-. (H) Rib cages of wild type, heterozygous, and homozygous mice, showing asymmetrical rib-sternum attachments 
(dotted line and arrows) and rib processes (arrow head).

Skeletal defects arise early in development
To assess at what time point absence of Fstl1 results in aberrant skeletal development, 
skeletal preparations were prepared down to E13.5. At E14.5 the KO embryos already 
show abnormal spine curvature, most prominent in the cervical part (Fig. 4B). Moreover, 
campomelia is already present at E13.5 (Fig. 4C). These observations demonstrate a role 
for Fstl1 early in endochondral bone development prior to ossification. Comparison of the 
expression patterns of genes involved in early skeletal development, ie Prrx1, Sox9, Col2A1 
and Col10a1, did not identify marked differences between KO and WT embryos at E12.5 
and E15.5 (Fig. S3).

Defects in rib sternal attachment
Close examination of the skeleton of heterozygous KO mice identified asymmetrical 
attachments of the ribs to the sternum and shifted ossification centers, known as rib-
sternum mispairing (Fig. 4H). No asymmetry is observed at the site of rib-vertebra 
attachment, nor other evidence of homeotic transformations. In homozygous KO mice the 
rib-sternum mispairing is not as evident as in heterozyguous KO mice. In homozygous KO 
mice the ossification centers are not perpendicular to the sternum, but show an angle. An 
additional abnormality of the ribs is present in the homozygous Fstl1G/G mice, displaying 
cartilaginous processes at the ventral part of the first five ribs (Fig. 4H). 
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Discussion

The function of FSTL1, a glycosylated and secreted protein, is pooly understood. In vitro 
and in vivo studies suggest that FSTL1 belongs to the class of secreted BMP inhibitors. 
To evaluate the functional role of FSTL1, a conditional KO allele as well as a GFP knock 
in mouse were created. Though Fstl1 is expressed from as early as gastrulation in the 
developing embryo, homozygous KO embryos are found in expected mendelian ratio up 
to the end of gestation. However, at birth the homozygous KO embryos die in respiratory 
distress and are devoured by the mother. This is observed for both mouse strains.

Respiratory phenotype
The observed respiratory distress and subsequent death is due tracheomalacia and 
immature distal alveolar development. This lung phenotype resembles the recently 
reported phenotype in another Fstl1 KO mouse  [135 Geng, Y (2011)]. In the latter study 
it is shown that the lung phenotype can be rescued in vitro by the addition of the BMP 
inhibitor Noggin. These findings suggest that loss of the BMP antagonist Fstl1 disrupts 
the delicate balance of BMP and FGF signalling that is essential for normal respiratory 
tract development, in particular proximal-distal lung epithelial patterning  [224 Weaver, M 
(1999)].

Fstl1 functions in concert with other BMP inhibitors. 
The retrieval of Fstl1 KO embryos up to the end of gestation at Mendelian ratios is 
remarkable, because in chicken and zebra fish loss of Fstl1 results in perturbed mesoderm 
development.  [190 Towers, P (1999)], [118 Dal-Pra, S (2006)]. Based on the observations 
in zebra fish and chicken it was expected that the Fstl1 KO embryos would die early during 
development as a result of disrupted mesoderm formation. The observed fenotype in 
in chicken and zebra fish is attributed to insufficient inhibition of BMP signalling. Taken 
together these finding suggest that in mice other BMP inhibitors are redundant, resulting 
in survival of Fstl1 KO embryos up to the end of gestation. In line with this idea, it was 
observed that in zebra fish disruption of Fstl1 can enhance defects in BMP inhibitor Chordin 
deficient embryos. Like Fstl1 KO mice, Chordin KO mice suffer from defects of the cervical 
vertebrae most markedly the atlas and abnormal development of the tracheal cartilage 
rings  [211 Bachiller, D (2003)]. The overlap in phenotype between Chordin and the here 
reported Fstl1 deficient mice suggests that, like in zebrafish  [118 Dal-Pra, S (2006)], Fstl1 
functions in concert with Chordin.

Digital defects
During limb bud development, Bmp signaling is important in regulating apical ectodermal 
ridge (AER) formation and interdigital apoptosis through an epithelial-mesenchymal 
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feedback loop  [261 Benazet, JD (2009)], [262 Zou, H (1996)]. Many Bmp antagonist-
deficient mouse models display multiple distal limb defects, including loss or fusion of digit 
formation  [212 Khokha, MK (2003)]. In man, a genetic disorder called multiple synostosis 
syndrome is characterized by multiple bone fusions. This syndrome is associated with a 
gain-of-function mutation of GDF5 (BMP14), rendering it resistant to inhibition by Noggin  

[213 Seemann, P (2009)]. The digit defects observed in the Fstl1G/G mice resemble the 
clinical limb phenotypes of multiple synostosis syndrome, and those observed in BMP 
inhibitor deficient mice, suggesting that FSTL1 affects digital limb formation through the 
BMP signaling pathway. 

Loss of Fstl1 ties BMP signaling to campomelia
Besides the digit abnormalities both Fstl1 KO strains display bending of the humerus, ulna 
and radius in the fore limb and of the femur and fibula in the hind limb, as well as absence 
of the patella and fabella, and to a lesser extend hip displacement.
The bending of the bones in the fore limb is reffered to as campomalia. In man and mice 
campomelia is caused by heterozygous loss of the transcription factor Sox9. Interestingly, 
after heterozygous Sox9 deletion besides camptomelia also hip displacement, hypoplasia 
of the patella, and tracheomalacia was reported  [218 Wagner, T (1994)], [219 Bi, W 
(2001)]. Although perturbed BMP signaling in mice is associated with many different limb 
phenotypes  [242 Bandyopadhyay, A (2006)], [212 Khokha, MK (2003)], [248 Brunet, LJ 
(1998)], campomelia has not been reported. From conditional deletion analysis of Sox9, 
it is known that early deletion using Prrx1-cre results in campomelia  [263 Akiyama, H 
(2002)]. Moreover, deletion of the transcription factor Prrx1 itself, which is expressed prior 
to Sox9, results among other skeletal defects also in campomelia  [264 Martin, JF (1995)]. 
This implies that the patho-physiological mechanism for bending of the long bones takes 
place early in development. Interestingly, in Fstl1 KO mice, skeletal defects are observed as 
early as E13.5 demonstrating an early role for Fstl1 in limb development. Taking together, 
these findings point to a role for BMP signaling in the development of campomelia.

Axial patterning defects
Upon Fstl1 disruption rib-sternum mispairing is observed which is most evident in the 
heterozygous Fstl1 KO as the ribs are most prominently malaligned. The mechanism 
underlying rib-sternum mispairing is poorly understood, but thought to arise either from 
asymmetrical fusion of the sternal bands or from asymmetrical migration of ribs towards 
these bands  [265 Compagni, A (2003)]. Rib-sternum mispairing is observed in different 
KO mouse strains  [265 Compagni, A (2003)], [266 Schmahl, J (2007)], [267 Jeannotte, L 
(1993)], being part of homeotic transformations as observed in the Hoxa5 mutants  [267 
Jeannotte, L (1993)], and/or as a result of disrupted BMP signaling. Interestingly, homeotic 
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transformations are part of the phenotype when BMP signaling is disrupted. Gdf11(Bmp11) 
deficient mice show extensive homeotic transformations of the axial skeleton and 
a posterior shift of Hox gene expression  [268 McPherron, AC (1999)]. Other homeotic 
transformations can be observed in Follistatin KO mice, including absence or hypoplasia 
of the 13th rib as well as loss of the sixth lumbar vertebra  [250 Matzuk, MM (1995)]. In 
Bmp5-deficient mice the 13th rib is absent  [269 GREEN, EL (1946)]. In a heterozygous 
Noggin background, deficiency of the BMP inhibitor differential screening-selected gene 
aberrative in neuroblastoma (Dan/ Nbl1) results in a posterior transformation of the last 
lumbar vertebra  [270 Dionne, MS (2001)]. Also in Bmp7 KO mice rib-sternum mispairing is 
observed  [239 Luo, G (1995)]. Although it seems contradictory that deletion of Bmp7 gives 
rise to a phenotype similar to deletion of the Bmp inhibitor Fstl1, it does show that BMP-
mediated signaling is involved in the process of rib-sternal attachment. Of note, some BMP 
inhibitors, like twisted-gastrulation, can function under certain conditions as stimulators of 
BMP signaling  [271 Zakin, L (2010)].
In addition to the rib-sternum mispairing cartilaginous processes were observed on the 
ventral side of the ribs in Fstl1G/G mice. These processes were never reported before in 
mice, but uncinate processes of ribs are a normal part of the skeleton of crocodiles, birds 
and some dinosaurs. Interestingly, although the uncinate processes are situated at the 
dorsal side of the rib cage, these findings could be interpreted as an atavistic event.
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General conclusions

Deletion of Fstl1 results in extensive skeletal defects and neonatal lethality due to 
respiratory defects. These defects demonstrate a role for the BMP inhibitor Fstl1 in 
lung development, endochondral bone formation, limb patterning, and patterning of 
the ribcage. These observations add Fstl1 to the extensive pallet of BMP modulators 
regulating organogenesis. Typically, deletion of Bmp antagonists during mouse embryonic 
development are lethal and cause multiple skeletal and lung defects. Thus, Bmp signaling 
is under very precise homeostatic regulation during embryonic development. Taking the 
broad expression pattern of Fstl1 into account, Fstl1 might play a role in the development 
of other organs. For the analysis of those developmental processes as well as the disease 
models in which Fstl1 is implicated, the newly generated conditional KO mice as well as the 
GFP reporter mice should be valuable tools.
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Figure S1 3D reconstruction of a microCT scan of an E18.5 wild type embryo.

Figure S2 3D reconstruction of a microCT scan of an E18.5 Fstl1-/-embryo.
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Figure S3 Skeletogenesis marker gene expression 
RNA in situ hybridization of E12.5 and E15.5 fore limbs showing similar expression patterns of Prrx1, Sox9, Col2A1, and Col10A1 
mRNA in wild type (Fstl1+/+) and knockout (Fstl1-/-) embryos
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Abstract
Rationale: Tendon development in limb buds is dependent on TGFβ derived signals. What downstream factors 

of TGFβ regulate tendon development is only partly understood. Follistatin like 1 (Fstl1) is a TGFβ induced factor 

expressed in the developming limb buds.

Objective: We set out to study the role of Fstl1 in limb bud tendon development and investigate its position in the 

TGFβ downstream cascade.

Results and methods: In Fstl1 KO mice tendon development is severely impaired. In situ hybridisation (ISH) on 

embryonic limb buds demonstrate that Fstl1 is expressed surrounding the developing tendons. qPCR and ISH re-

veal that tendon abnormalities occur in Fstl1 KO mice without effecting muscle development. In vitro experiments 

show that TGFβ induces Fstl1 expression and that Fstl1 functions in parallel to the tendon regulating transcription 

factor Scleraxis. Finially by DeepSAGE we identify a number of possible FSTL1 downstream targets whicht might 

regulate tendon development.

Conclusion: Fstl1 is a TGFβ-induced factor that is important in the development of the forelimb tendons and regu-

lates tendon development independent of Scleraxis.
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Introduction

Locomotion requires muscle generated forces to be transmitted to bones via tendons. 
Tendon injuries represent a common problem in orthopedic medicine, and more knowledge 
on tendon development may aide in finding strategies to improve tendon healing  [272 
Shearn, JT (2011)].
Cartilage and tendon development are tightly linked to each other. Both cartilage 
and tendons are derived from the lateral plate mesoderm in the developing limb buds 
(reviewed by  [273 Schweitzer, R (2010)]). At the site of tendon-bone attachment the 
cartilage and tendon cells are derived from the same set of precursor cells, expressing 
both the transcription factors Scleraxis (Scx) and sex determining region Y-box 9 (Sox9)  

[274 Sugimoto, Y (2013)], [275 Blitz, E (2013)]. Cartilage has been suggested to induce 
tendon development, as experimentally induced cartilage formation is followed by tendon 
formation (reviewed by  [273 Schweitzer, R (2010)]).
One of the cartilage expressed signals important for the development of tendons in 
limbs is transforming growth factor beta (TGFβ)  [276 Pryce, BA (2009)]. The downstream 
pathway of TGFβ regulating tendon formation, however, is only partly understood. One 
factor regulated by TGFβ in limb bud tendon development is Scx  [276 Pryce, BA (2009)]. 
Scx is expressed in tendon precursor cells and fully developed tendons  [277 Watson, SS 
(2009)]. Functional disruption of Scx results in impaired tendon development, however, 
albeit impaired, tendons do develop in the limbs of Scx deficient mice  [278 Murchison, 
ND (2007)]. In contrast, no tendons develop in limbs in which TGFβ signaling is disabled  

[276 Pryce, BA (2009)]. This implies that apart from Scx other TGFβ downstream factors 
co-regulate tendon development. In this context Follistatin-like 1 (Fstl1) might be an 
interesting TGFβ-regulated factor.
Fstl1 is a secreted protein first identified as a factor induced by TGFβ  [110 Shibanuma, M 
(1993)]. In addition, disruption of Fstl1 results in abnormal skeletal development, including 
abnormalities of the skeletal system in the limb.  [177 Sylva, M (2011)]. 
Based on the above, we hypothesize that Fstl1 might be another TGFβ regulated factor 
involved in tendon development that is operational in parallel to Scx. To study the role 
of Fstl1 in tendon development we generated Fstl1 KO mice and demonstrate that in 
forelimbs of Fstl1 KO mice tendon development is severely impaired. Based on the 
expression patterns of Scx and Fstl1 and invitro experiments we we show that Scx and 
Fstl1 are regulated in parallel by TGFβ2. Finally, using DeepSAGE we generate a list with 
potential FSTL1 regulated genes important for limb bud development.
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Methods

Mice and collecting tissue
This study conforms to the Guide for the Care and Use of Laboratory Animals published 
by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996) and the 
European Commission Directive 2010/63/EU and was approved by the institutional review 
board. The approvals are registered under number DAE-100484,-100874,-102527.
The Fstl1 full KO mice were previously described  [177 Sylva, M (2011)],To produce 
homozygous Fstl1 KO embryos heterozygous males and females were crossed and pregnant 
females were sacrificed at the appropriated gestational stage to harvest embryonic tissue. 
The day of the vaginal plug was set to embryonic day (ED) 0.5. Subsequent to sedation with 
CO2, the mice were killed by cervical dislocation. Embryos were harvested in ice cold PBS, 
decapitated, heads were collected in ice-water, tails were removed for genotyping and 
fixed in 4% paraformaldehyde (PFA) overnight. After fixation the tissue was dehydrated 
using a series of graded ethanol  and embedded in paraffin for serial sectioning.

Haematoxylin Azophloxin staining
For Haematoxylin Azophloxin staining the embedded tissue was sectioned, mounted on 
glass slides, deparaffinized using xyleen and rehydrated using a graded series of ethanol. 
The hydrated sections were incubated in Haematoxylin solution (Merck 4305), rinsed in 
water and then incubated in Azophloxin solution (Michrome 662), rinsed in water again, 
dehydrated in a graded ethanol series and then mounted in Entellan (Merck 7961).

In Situ hybridisations
In situ hybridizations (ISH) were performed as previously described  [177 Sylva, M (2011)]. 
In short, the embryos were sectioned at 12 μm thickness, sections were deparaffinised and 
rehydrated in a graded series of alcohol. After proteinase K pre-treatment, pre-hybridization 
and blocking with total yeast RNA, a digoxigenin (DIG)-labeled probe was added to the 
hybridization mix. Probes specific to Fstl1, collagen, type I, alpha 1 (Col1a1), tenomodulin 
(Tndm) (kind gift of Dr R Schweitzer), Scx (kind gift of Dr R Schweitzer) and Sox9 were used. 
After incubation with alkaline phosphatase-conjugated anti-DIG Fab fragments (Roche 
catnr: 10932740) probe binding was visualized using Nitroblue tetrazolium chloride and 
5-bromo-4-chloro-3-indolyl-phosphate (Roche catnr: 1681451).
On some sections an immunohistochemical co-staining for Troponin I (TnI/TNNI3 
) was performed. In short, after completing the ISH procedure but prior to the 
dehydration, sections were incubated with a monoclonal antibody against -TnI 
(Milipore AB1691) followed by a secondary antibody direct against mouse and 
conjugated with horseradish peroxidase . Horseradish peroxidase was  visualized by 
incubating the sections  with 3,3 ́diaminobenzidine tetrahydrochloride (DAB). After 
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rinsing in water, the sections were dehydrated and mounted in Entellan (Merck 7961). 
Whole mount ISH was performed essentially as described for the sections apart from the 
steps described below. Probes directed against Scx and myogenic differentiation (MyoD) 
Embryos were isolated and fixated in 4% PFA overnight, stored in 100% methanol in -20 
before use. Prior to the staining procedure embryos were rehydrated in a series of graded  
methanol . After the probe and antibody incubation steps. probe binding was visualized 
using PurpleAP (Roche catnr. 11442074). After washing in water the embryos were post-
fixated with 4%PFA  2.5% Glutaraldehyde  and stored in 50% glycerol in PBS .

Fstl1 knock down cells
To generate Fstl1 knock down cells, recombinant lentiviruses were produced containing 
an antisense short hairpin RNA sequence using the pLKO.1 puro system (Sigma), targeting 
the “AGGCAGTAACTACAGTGAGAT” sequence (construct nr TRCN0000012007) or an empty 
control lentivirus. A lentivirus harboring a short hairpin RNA directed against Fstl1 that 
did not result in decreased Fstl1 mRNA or protein levels was used as an additional control 
(TRCN0000012006) and gave results similar to the empty control. Lentiviruses were made 
using the manufacturer’s protocol. For each condition three wells were transfected and 
during the rest of the experiments they were passed as independent cell lines. Using the 
puromycin resistance cassette present in the the lentivirus, non-transfected cells were 
removed from the culture by incubating cells with a lethal puromycine dose for 1 week. 
Cells were passed in 12 well plates and stimulated with 7.5 ng/ml recombinant TGFβ2. 
After 6 hours of incubation cells were washed with PBS, collected in Trizol (Invitrogen) and 
RNA isolated according tothe manufacturer’s protocol.

qPCR
One microgram of total RNA was converted into single stranded cDNA using SuperScript™ 
II Reverse Transcriptase (Invitrogen Cat: 18064-071) and anchored oligo(dT) primers, 
according to the manufacturer’s protocol. Quantitative PCR (qPCR) was performed using 
the LightCycler® 480 (Roche) and the LightCycler® 480 SYBR Green I Master solution (Roche 
Cat: 04887352001). The cycling consisted of 10 seconds of denaturation at 95oC, 20 seconds 
of primer binding at 60oC and 20 seconds of primer elongation at 72oC were used. Raw 
fluorescence data was exported and qPCR data was analyzed using the LinRegPCR program  
[279 Ruijter, JM (2012)]. The reference gene glyceraldehyde-3-phosphate dehydrogenase 
(Gapdh) was used for normalization. Primer sequences to detect the different  gene 
products are listed in Table 4.
The results of the qPCR analysis were compared between the wildtype and knockout 
groups using a t-test for independent observations; the p-value was determined for a one-
sided test because the in situ hybridization procedure had already shown a decrease in the 
expression level of these genes.



Chapter 4 89

Western blot
Protein extracts were made in a lysis buffer (50mM Tris-HCl pH8, 150mM NaCl, 1% NP-40, 0.2% 
sodium deoxycholate,0.1% SDS containing 1mM NaVO3, 1mM DTT, 1mM PMSF) containing a 
protease inhibitor cocktail tablet (Roche Complete mini 11836170001). Protein concentrations 
were determined using the Protein Assay Reagent BCA kit (Thermo Scientific 23227).
Laemmli sample buffer (5x LSB:  0.3 M Tris-HCl pH 6.8, 10% SDS, 50% glycerol, 25% 
2-mercaptoethanol, 0.02% bromophenol blue) was added to the protein lysates and the samples 
were heated to 95oC for 5 min and briefly centrifuged. For FSTL1 and Calnexin (CNX) Western 
blots 10 μg and 0.2 μg of protein samples were loaded on a 10% acrylamide denaturizing gel, 
respectively. After electrophoresis the proteins were transferred to Immobilon-PSQ transfer 
membrane (Milipore ISEQ09120) using a trans-blot semi dry transfer cell machine (Biorad 170-
3940). The membranes were washed with TBST buffer (50mM Tris-HCl, 150mM NaCl, 0.1% 
Tween-20) and blocked with TBST containing 2.5% milk powder (Protifar Plus Interpharm 634) 
for 1 hour at room temperature.. Membranes were incubated with 1:5000 anti-CNX (VWR 
208880), or 1:500 anti-FSTL1(R&D Systems AF1738) diluted in blocking buffer overnight at 
4oC. HRP conjugated secondary antibody (GE Healthcare Life Sciences) was diluted 1:2500 in 
blocking buffer and incubated for 2 hours at room temperature. Antibody binding was then 
visualized using the chemo-luminescent ECL-PLUS Western blot reagents (Amersham RPN2132) 
and an ImageQuant LAS 4000 bio-molecular image analyzer.

Luciferase BMP reporter assays
HepG2 cells were used for transfection assays. The HepG2 cells were grown in DMEM-F12 
medium containing 10% heat inactivated  fetal calf serum and transfected in serum free 
medium. The luciferase plasmids were transfected using linear polyethylenimine (PEI) in a 
1:4 ratio DNA:PEI. The pRL-TK-Renilla plasmid (Promega catnr E2241) was used as an internal 
control and the mothers against decapentaplegic homolog (SMAD) binding element (SBE)-
luciferase vector  [280 Jonk, LJ (1998)] was used as BMP reporter plasmid. The coding sequence 
for mouse Noggin, Cyanic Fluorescent Protein (CFP), mouse Fstl1 and Follistatin were cloned 
downstream of the CMV promoter in the pIRES2 vector (Clontech 6029-1) and sequence 
verified. Subsequent to transfecting the Fstl1 expression vector, the presence of FSTL1 in the 
medium was confirmed by Western blotting. In total 750 ng of the expression vectors, 250 ng 
of the SBE-luciferase vector and 10 ng of Renilla vector were transfected per 12-wells well. 12 
hours after transfection, the serum-free medium was replaced and wells were incubated with 
different doses of recombinant bone morphogenetic protein (BMP) protein or conditioned 
supernatant for the BMP4/7 heterodimers, kind gift Prof Dr E Stanley (Australia). 24 hours after 
stimulation cells were lysed in Luciferase lysis buffer and measured using a Luciferase or Renilla 
chemo-luminescent solution (Promega catnr E2820) on a Glomax plate reader (Promega model 
9301-010).
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DeepSAGE experiment
For the DeepSAGE experiments mouse embryonic fibroblasts (MEFs) were isolated 
from ED12.5 knockout embryos and expanded. The MEFs were stimulated with 10% 
conditioned medium, mixing 0%, 0.01%, 0.1%, 1%, or 10% of FSTL1 conditioned medium 
with GFP conditioned medium. Every condition was done in triplicate. RNA was harvested 
6 hours after stimulation using Trizol reagent (Invitrogen 15596-026) according to the 
manufacturer’s protocol. During the RNA isolation process one 10% FSTL1 sample was lost.
For the generation of FSTL1-conditioned medium HepG2 cells were transfected with 
pCDNA3.1 containing either the GFP (for control medium) or mouse Fstl1 coding sequence. 
Transfection was performed as described in the Luciferase experiment. After transfection 
the cells were cultured in serum free medium and supernatant was harvested after 24 
hours. Supernatant was immediately used for the stimulation of the MEFs and the presence 
of FSTL1 was confirmed by Western blotting.
SAGE library prep was performed as previously described  [281 ‘t Hoen, PA (2008)] with 
minor modifications. In short, mRNA was captured on oligo(dT)25 beads (LifeTechnologies) 
starting from 500 ng total RNA. First and second strand cDNA synthesis was performed on 
bead. The dsDNA fragments were digested using the restriction enzyme NlaIII to select 
the most 3’ CATG site. Ligation of adapter-1 introduces a recognition site for the type II 
restriction endonuclease MmeI and subsequent MmeI digestion generates the 21 bp SAGE 
tag sequence. This fragment was then ligated to adapter-2. Sample specific index barcodes 
were introduced during 15 cycles of PCR amplification of the library. The resulting library 
fragments of 96 bp were isolated on 6% Novex TBE precast acrylamide gel, quantified on 
the high sensitivity DNA chip (Agilent) and pooled in equimolar amounts.
Library pools were sequenced on the HiSeq 2000 using v3 flowcells and reagents with a 
short run of 18 sequence cycles to read the SAGE tag and an additional 7 cycles to read the 
sample indexes.
Raw sequence data was processed using the Illumina CASAVA 1.8.2 software to generate 
fastq files for the individual samples. Sequence tags were aligned to the mouse mm10 
genome using the Bowtie (v1.0.0) short read aligner. A set of custom perl scripts were 
used to generate the expression table listing the sum of sequence tags per gene across all 
samples.
The frequencies of the occurrence of tags were compared between the groups of samples 
using the G-test for comparison of multiple SAGE libraries (http://gtest.hfrc.nl/)  [282 
Schaaf, GJ (2005)]. In short, this test determines a within-group homogeneity measure and 
a between-group difference measure based on the observed specific and total tag counts 
for each sample in the group. A gene was considered differentially expressed between 
experimental conditions when it was homogeneously expressed (with p-value > 0.1) in 
the reference condition as well as in the experimental condition that was found to be 
significantly different from the reference (with p-value < 0.01). This test was carried out 
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per gene and resulted in 3154 differentially expressed genes. Further curation of this list of 
genes is described in the results section.
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Results

Absence of Fstl1 results in abnormal tendon development
To study the developing tendons, embryonic day (ED) 18.5 forearms of Fstl1 KO and WT 
mice were transversally sectioned. Sections containing the fingers, hand, wrist and fore-arm 
were stained with Heamatoxylin-Azophloxine to analyze the gross morphology (figure1). 
To identify the tendons specifically, ISH for Col1a1 and Tnmd was additionally performed 
and the sections were counterstained  immunohistochemically for TnI, to identifing skeletal 
muscle (figure1). Using an atlas of mouse forearm tendon development  [277 Watson, SS 
(2009)] we could identify all tendons in the WT mice. However, virtually no tendons were 
found in the Fstl1 KO mice. Only at the distal sites some of the flexor digitorum tendons 
were observed (figure1). In addition, muscle tissue was observed at the level of the wrist in 
the KO mice where no muscle tissue was present in WT mice (figure1). In the heterozygous 
Fstl1 knockout mice no abnormalities were observed (data not shown).

Figure 1 Abnormal tendon development in Fstl1 KO Mice
Sections at different levels through an ED 18.5 WT and Fstl1 KO forearm are displayed. The medial side of the arm is the right 
side of the picture, the dorsal side of the arm at the top side of the picture. Top panels of each row depict a Heamatoxylin-
Azophloxine (HA) staining. The middle panel of each row shows an In Situ Hybridization (ISH) for Col1a1 mRNA in combination 
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with an immunohistochemical staining for TnI. Col1a1 mRNA is shown in blue and TnI in brown. The lower panel of each row is a 
Tnmd RNA ISH in combination with an immunohistochemical staining for TnI. Tnmd  is shown in blue and TnI in brown. Tendons 
can be identified as structures that are stained intensively for Col1a1 and Tnmd mRNA. In the HA stained sections the tendons 
have been encircled in white. The ectopic muscle in the KO wrist is indicated by a white arrow. Radius (R) Ulna (U), Carpal bones 
(C), Metacarpal bones (MC), Phalanges (P)

Fstl1 is expressed surrounding the tendons
We then analyzed the pattern of expression of Fstl1 in relation to the developing fore-
arm tendons. At ED12.5, before tendons have formed, Fstl1 is expressed in the entire 
limb bud apart from Sox9 positive skeletal precursors (Figure 2). Later when the tendons 
have formed at ED15.5, Fstl1 is expressed in cells surrounding the Col1a1 positive tendons 
(figure 2). This expression pattern is maintained until birth (figure2).

Figure 2 Expression of Fstl1 in the developing limb bud
At different days of development the expression of Fstl1 was identified using RNA ISH. Panels A and B show two adjacent 
transversal sections at ED 12.5 stained for Fstl1 and Sox9 mRNA, respectively. Note that Sox9 is expressed in the Fsl1 negative 
areas. Panel C shows the expression of Fstl1 mRNA surrounding the Col1a1 positive flexor tendon (dotted white line). at ED15.5. 
Panel E shows a transverse section through an ED18.5 wrist, panels F-H are magnifications of the area depicted by the black 
square. Note the flexor tendons in the wrist marked by positive staining for Col1a1 and Tnmd, and note the expression of Fstl1 
surrounding the tendons.
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At early stages Fstl1 KO mice express less Scx
To investigate when tendon development becomes abnormal we determined the 
expression of the tendon precursor marker Scx by qPCR in different stages of development 
(figure 3). At ED12.5 there is already a trend of decreased Scx expression. The pattern of 
expression of Scx in the Fstl1 KO forelimb is similar to that in the WT forelimb as determined 
by whole mount ISH, though decreased expression of Scx is visible (figure 3). At ED15.5, 
when tendons have already formed  [277 Watson, SS (2009)], Scx expression is significantly 
decreased in Fstl1 KO forelimbs compared to WT forelimbs (p<0.05). Also the expression of 
the tendon marker Tnmd is significantly decreased in the KO situation (p<0.05) (figure 3).

Figure 3 Expression of tendon markers and TGFβ signaling molecules in Fstl1 KO limb buds. 
Panels A and C show graphs of the relative expression of Scx, Tnmd, Tgfβ2, Tgfβ3 and Tgfβr2 mRNA. Expression was normalized 
for Gapdh and the WT situation was set as 1. In Panel A, Scx/Tnmd depicts the expression of scleraxis relative to the expression of 
tenomodulin. Error bars depict SEM (n=3). In panel B a dorsal view of fore limbs dissected from ED 12.5 WT and Fstl1 KO embryos 
after whole mount RNA ISH for Scx is shown .

TGFβ signaling members are unaltered in Fstl1 KO mice
TGFβ signaling is crucial for normal tendon development, as demonstrated by the absence 
of tendons in Tgfβ2/3 double KO mice or after deletion of the transforming growth factor 
beta receptor II (Tgfβr2)  [276 Pryce, BA (2009)]. Therefore, we measured the expression 
of the Tgfβ2 and Tgfβ3 ligands as well as the Tgfβr2 in ED12.5 limb buds. No differences in 
the expression of these two ligands and the receptor were identified comparing Fstl1 KO 
and WT mouse limbs (figure 3).
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Muscle development is initially normal in Fstl1 KO mice
Normal tendon development requires normal muscle development  [273 Schweitzer, 
R (2010)]. At ED12.5 whole mount ISH for the muscle precursor marker MyoD revealed 
a similar expression pattern in WT and Fstl1 KO mouse limb buds (figure 4). Sections of 
ED15.5 mouse embryos showed muscle tissue in both WT and Fstl1 KO forearms, albeit 
that the muscles in the KO forearms appear smaller than in the WT (figure 4). As addressed 
in the discussion, this deficit in muscle development at ED15.5 might be due to the absent 
tendons.

Figure 4 Muscle and muscle precursors in WT and Fstl1 KO limb buds
The upper row depicts dorsal views of fore (A) and hind (B) limbs of ED 12.5 WT and Fstl1 KO embryos after whole mount RNA ISH 
for MyoD mRNA. The lower row depicts a Tnmd RNA ISH in combination with an immunohistochemical staining for TnI with Tnmd  
in blue and TnI in brown. Note the presence of muscles and muscle precursors in both the WT and KO mouse arms.

Fstl1 does not regulate TGFβ mediated Scx expression
Given the fact that TGFβ signaling is important for tendon development, partially by 
regulating Scx expression  [276 Pryce, BA (2009)] and Fstl1 is able to interact with TGFβ 
ligands and receptors in vitro (Reviewed by  [283 Sylva, M (2013)]), we investigated 
whether Fstl1 is involved in the TGFβ-mediated Scx expression (figure 5).
The C3H10T1/2 cell line, in which Scx expression is up-regulated subsequent to TGFβ2 
stimulation  [276 Pryce, BA (2009)], does express Fstl1 (figure 5). C3H10T1/2 cells were 
transduced with either control (CO) or Fstl1 knock down (KD) lentiviruses. Western blot 
analysis on cell lysates demonstrated a decreased FSTL1 protein expression in the knock 
down virus transduced cells. Also mRNA of Fstl1 was decreased both before and after 
TGFβ2 stimulation in the knock down virus transfected cells (figure 5) (respectively 75 
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and 80% less), whereas the control lenti-virus did not affect the induction of Fstl1 by 
TGFβ2. Scx expression was clearly induced both in the Fstl1 control and knock down cells 
as determined by qPCR (figure 5). Also Col1a1, a gene abundantly expressed in tendons 
(figure 1), was induced by TGFβ2 in both control and knock down cell lines (figure 5). These 
results indicate that Fstl1 is not involved in the TGFβ2-mediated Scx expression in vitro.
We further investigated whether the reduced Scx expression in ED15.5 KO limb buds 
compared to wild type limb buds reflected a lower expression in the tendinous tissue 
or whether the amount of tendinous tissue was reduced, but displaying normal Scx 
expression. To this end, we corrected the Scx expression for the volume of tendinous tissue 
by dividing it by the observed Tnmd expression, another tendon marker. Scx expression per 
Tnmd appeared similar in Fstl1 KO and WT limb buds (figure 3A), demonstrating that also 
in vivo Scx is at physiological levels in the remaining tenocytes.

Figure 5 Fstl1 does not regulate Scleraxis expression
The graphs show the relative expression level of Fstl1, Scx and Col1a1 with and without TGFβ2 in both control (CO) and Fstl1 
knock down (KD) C3H10T1/2 cells stimulation. The expression was normalized for Gapdh and the unstimulated control situation 
was set as 1. Error bars represent the SEM (n=3) for every condition. A Western blot shows the decreased amounts of FSTL1 in 
lysates of knock down cells compared to controls. As loading control CNX was used. 
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Fstl1 does not inhibit BMP signaling in vitro
BMP has been shown to affect tendon development, but the role of BMP signaling in tendon 
development is incompletely understood  [284 Lorda-Diez, CI (2014)]. Fstl1 was shown to 
be involved in BMP signaling, although conflicting results have been reported (reviewed in  

[283 Sylva, M (2013)]). Different BMP ligands are expressed during limb bud development  

[242 Bandyopadhyay, A (2006)]. We, therefore, investigated whether Fstl1 can inhibit any 
of the BMPs expressed in limb buds using an in vitro luciferase assay (figure 6). These assays 
revealed that Fstl1 was unable to inhibit BMP-mediated Luciferase expression for any of the 
tested BMP ligands and in any of the tested concentrations, whereas the positive control, 
Noggin,  inhibited all but one of the tested ligands (figure 6). As expected BMP9, which 
is known to be resilient to Noggin inhibition,  [213 Seemann, P (2009)] was not inhibited. 
The latter result demonstrates that it is due to the specific Noggin-BMP interaction that 
the other BMP ligands are inhibited. To identify whether FSTL1 is able to augment the 
inhibitory action of Noggin, we co-transfected Fstl1 and Noggin. No additional effect of 
FSTL1 on the inhibitory effect of Noggin was observed (figure 6). Also co-expression of 
Fstl1 with follistatin, the BMP inhibitor most closely related to Fstl1  [119 Adams, D (2007)] 
did not reveal an inhibitory effect of FSTL1 on BMP signaling, whereas follistatin itself was 
able to inhibit BMP signaling (data not shown).
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Figure 6 Fstl1 does not inhibit BMP signaling
Typical examples of dose response curves for different BMP ligands with and without inhibitors are depicted. All experiments 
were done at least in triplo. On the y-axis , the BMP response, as measured by luciferase activity, depicted in arbitrary units (AU). 
On the x-axis the concentrations of the respective BMP ligandis given. Cells were transfected with four different combinations of 
expression vectors. The control situation was transfected only with Cyanic Fluorescent Protein (CFP) containing vector, in dark 
blue. The uninhibited (CFP/CFP) 0 ng/ml BMP concentration was set as 1. As a positive control, cells were transfected with half 
the amount of CFP and Noggin vectors, in yellow. The two experimental conditions were CFP and Fstl1 in purple as well as Noggin 
and Fstl1 in light blue.  

Deep SAGE screen reveals new candidate genes regulated by Fstl1
To identify FSTL1 downstream targets we performed a RNA DeepSAGE assay. We isolated 
Mouse Embryonic Fibroblasts (MEFs) from ED12.5 Fstl1 KO embryos which were stimulated 
for 6 hours with control or FSTL1-conditioned medium in increasing concentrations. Using 
a G test  [282 Schaaf, GJ (2005)], expression of transcripts was compared between control-
stimulated and FSTL1-stimulated MEFs. We found 3154 transcripts to significantly differ 
in at least one concentration group of FSTL1-stimulated MEFs compared to the control-
stimulated MEFs (table 1). To reduce the number of candidate genes, the 3154 genes were 
compared to a list of genes that are differentially regulated during limb bud development  

[285 Gyurjan, I (2011)]. This comparison reduced the number of candidates to 280 genes, 
being differentially expressed in both the developing limb and to be induced by FSTL1 
in Fstl1 KO MEFs . To further reduce the number of candidates two additional criteria 
were used, All genes that were less than 20% up or down regulated, compared to the 
unstimulated MEFs, or genes that were not homogeneously expressed within 3 or more 
concentration groups were excluded, resulting in 33 genes that are up regulated and 23 
genes that are down regulated by FSTL1, as well as differentially expressed during limb bud 
development  [285 Gyurjan, I (2011)] (Table 2-3).
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Discussion

The current study demonstrates that the TGFβ-induced factor Fstl1 (1) is important in the 
development of the forelimb tendons and (2) regulates tendon development independent 
of Scx both in vivo and in vitro. In addition our experiments unambiguously show that 
Fstl1 does not regulate BMP signaling under our conditions, which is in contrast to other 
studies  [135 Geng, Y (2011)], [203 Xu, J (2012)]. This finding is in line with the lack of a 
phenotype observed in several in vivo over-expression models of Fstl1  [118 Dal-Pra, S 
(2006)], [166 Okabayashi, K (1999)], [157 Liu, S (2010)] (and discussed in  [283 Sylva, M 
(2013)]). To reveal a possible mechanism by which Fstl1 affects tendon development, we 
performed a RNA DeepSAGE analysis. This analysis  resulted in several candidates that 
both are regulated by Fstl1 and involved in tendon development. Whether these genes are 
differentially expressed during tendon development and are affected by Fstl1 signaling in 
vivo, has to be assessed in future experiments.

Abnormal development takes place at early stages in the limb bud of Fstl1 
KO mice.
Muscle development in Fstl1 KO mice
Abnormal development of muscles has been reported to result in abnormal tendons 
and vice versa  [273 Schweitzer, R (2010)], [286 Huang, AH (2013)]. The possibility that a 
muscular phenotype underlies all the tendon defects observed in Fstl1 KO mice, seems 
ruled out by some of our observations. Firstly, at ED12.5, muscle progenitors migrate into 
the Fstl1 KO mouse limb bud in a normal pattern, whereas the expression of Scx appears 
to be decreased already. Secondly, ED 15.5 Fstl1 KO mice have developed muscles in their 
forelimbs demonstrating that differentiation of the myobloasts occurs in the absence 
of Fstl1. Thirdly, in Fstl1 KO wrists muscle tissue is present. Recently, it has been shown 
that the flexor digitorum superficialis muscle migrates from distal to proximal and that 
this migration depends on the development of normal tendons  [286 Huang, AH (2013)]. 
If tendon development is abnormal the muscle gets “trapped” at its proximal site  [286 
Huang, AH (2013)]. Therefore, the abnormal muscle tissue likely is the rudiment of the 
initial normal developed flexor digitorum superficialis muscle that failed to migrate due to 
abnormal tendon development.

Bending of the bones in Fstl1 KO mice.
The skeletal phenotype of the Fstl1 KO mice consists of bend long bones as seen in a group 
of human skeletal dysplasias  [177 Sylva, M (2011)], [287 Warman, ML (2011)]. Two possible 
mechanisms underlying the bending of the bones have been put forward, one being a 
primary defects of the formation of the cartilagous bone, and the other an imbalance 
of forces in the fetal limbs  [288 Akawi, NA (2012)], [289 Hall, BD (1980)]. The abnormal 
tendon development in Fstl1 mutant mice might offer an explanation for the bend bones 
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found in the Fstl1 KO mice. Abnormal tendon development could result in asymmetrically 
transduction of forces and thus through the latter proposed mechanism result in bend 
bones. Against this hypothesis is the observation that in mice adaptations of bones to 
withstand forces are executed by asymmetrical periostial growth, which commences at 
ED 16.5  [290 Sharir, A (2011)], whereas the bending of the long bones in Fstl1 KO mice 
takes place before this stage and is already visible at ED 13.5  [177 Sylva, M (2011)]. On the 
other hand it has been shown that during zebrafish development chondrocytic growth can 
be influenced by muscle contraction in regulating convergent extension  [291 Shwartz, Y 
(2012)].

Fstl1 is downstream of TGFβ
Here we demonstrated that also in the C3H10T1/2 cells Fstl1 is up-regulated by TGFβ2 
stimulation. Moreover, in Chapter 6 of this thesis we describe that Fstl1 is significantly down 
regulated in limb buds of TGFβ2 KO embryos at ED 12.5 and we identified a TGFβ-responsive 
enhancer in the Fstl1 gene regulating gene expression in the connective tissue of the heart. 
In chapter 6, we additionally reported that Fstl1 is directly activated by TGFβ-mediated 
SMAD3 signaling, without the necessity for other transcription factors to be transcribed. In 
tendon development the direct activation of Fstl1 by TGFβ could be different. For instance 
in tendons the transcription factor Scx is also activated by TGFβ. However, since Scx is 
expressed in the developing tendons and Fstl1 is expressed surrounding the developing 
tendons, it is unlikely that Fstl1 is downstream of Scx during tendon development.
Also Fstl1 is not likely to be upstream of Scx expression, as demonstrated by our in vitro 
experiments in which no effect of Fstl1 was observed on the expression of Scx. However, 
Scx expression is decreased in vivo in limb buds of Fstl1 KO mice. This decrease could 
merely be the reflection of a decrease in tendons caused by other reasons. Indeed, when 
correcting for the changing tissue base using the expression of Tnmd, another tendon 
marker, Scx expression was similar to the WT situation indicating that also in vivo Fstl1 
is not regulating the expression of Scx. Secondly, although Scx is statistically significantly 
decreased, it is still expressed at a level of 50% of the WT situation, which is too high to 
be expected to cause a phenotype, as in Scx heterozygous mice no tendon phenotype was 
observed  [278 Murchison, ND (2007)]. It is therefore our hypothesis that Fstl1 functions in 
a cascade parallel to Scx signaling (figure 7).

Pathways parallel to Scleraxis
No tendons were reported to develop in limbs in mice in which Tgfβr2 was disrupted  
[276 Pryce, BA (2009)]. In mice, in which the TGFβ downstream transcription factor Scx 
is removed, tendons, albeit impaired, still develop. Thus apart from Scx there must be 
another pathway induced by TGFβ that co-regulates tendon development.
Co-regulation of tendon development by other factors than Scx has also been suggested by other 
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authors. A study characterizing DNA regulatory elements responsible for Col1a1 expression 
in tendons, revealed that the combined activity of SCX and nuclear factor of activated T-Cells 
4 (NFATc4) was required for normal Col1a1 expression in tenocytes   [292 Lejard, V (2007)]. 
Moreover, other transcription factors have been implicated in tendon development such as 
Mohawk  [293 Liu, W (2010)], as well as early growth response 1 and 2 (Egr1 and Egr2)  [294 
Lejard, V (2011)]. Although these genes were not found in our DeepSAGE experiment, one might 
argue that our MEF cells were only stimulated for 6 hours by FSTL1. Possibly by interfering with 
other signaling cascades FSTL1 could influence the expression of those transcription factors in 
the long run. This needs to be investigated in the Fstl1 KO limb buds.

Figure 7 Fstl1 functions parallel to Scx in tendon development
The dotted arrows with crosses show the pathways excluded by us, the dark lines show the proposed mechanism. On the right 
side the events in tenocytes are depicted on the left side the signaling events in the surrounding cells.
TGFβ expressed in the cells surrounding the developing tendons regulates both Scx expression in the tendons 
and Fstl1 expression in the surrounding cells. SCX regulates tendon development and does not regulate Fstl1 
expression. FSTL1 co-regulates tendon development without interacting with TGFβ or affecting Scx expression. 
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Table 1 number of genes identified
A table with the number of genes differentially regulated in ED12.5 KO fibroblasts after stimulation with different amounts of 
medium conditioned with Fstl1.

Condition number of genes regulated
only 0.01% 514
only 0.1% 384
only 1% 380
only 10% 1050
0.01% & 0.1% 75
0.01% & 1% 56
0.01% & 10% 240
0.1% & 1% 57
0.1% & 10% 150
1 % & 0.10% 128
0.01% & 0.1% & 1% 11
0.01% & 0.1% & 10% 32
0.01% & 1% & 10% 34
0.1% & 1% & 10% 37
ALL 6
Total 3154
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Table 2 Genes up regulated by Fstl1
In table 2 the names and ENSEMBLE and UCSC codes of genes that are up regulated in any of the Fstl1 stimulated groups, as 
well as differentially expressed during limb bud development  [285 Gyurjan, I (2011)] are tabulated. The fold up regulated is the 
geometric mean of all the significant changes per gene.

 
Abbreviation Fold Change ENSMUS UCSC code
Anxa11 10.91 ENSMUSG00000021866 uc007sru.1
Frem1 6.33 ENSMUSG00000059049 uc008tkm.1
Sdk2 4.69 ENSMUSG00000041592 uc007mfd.1
Fcgr3 3.28 ENSMUSG00000059498 uc007dmx.1
Rps6ka6 2.88 ENSMUSG00000025665 uc009ucx.1
Tgm2 2.70 ENSMUSG00000037820 uc008npr.1
Etv4 2.46 ENSMUSG00000017724 uc007lps.1
Vdr 2.15 ENSMUSG00000022479 uc007xlk.1
L2hgdh 2.05 ENSMUSG00000020988 uc007nsq.1
Sprr3 2.04 ENSMUSG00000045539 uc008qec.1
Bdh2 2.02 ENSMUSG00000028167 uc008rla.1
Rfx5 1.97 ENSMUSG00000005774 uc008qhg.1
Nckap5 1.83 ENSMUSG00000049690 uc007ckk.1
Habp4 1.82 ENSMUSG00000021476 uc007qyl.1
Aldoc 1.80 ENSMUSG00000017390 uc007kiw.1
Tle4 1.75 ENSMUSG00000024642 uc008gwk.1
Kif26b 1.68 ENSMUSG00000026494 uc007dvg.1
2610029G23Rik 1.62 ENSMUSG00000031226 uc009uat.1
Ntan1 1.60 ENSMUSG00000022681 uc007ygk.1
Donson 1.58 ENSMUSG00000022960 uc007zyc.1
Tgfbr1 1.58 ENSMUSG00000007613 uc008sun.1
G2e3 1.58 ENSMUSG00000035293 uc007nml.1
Krt19 1.52 ENSMUSG00000020911 uc007lkm.1
E2f3 1.47 ENSMUSG00000016477 uc007pyq.1
Pam 1.43 ENSMUSG00000026335 uc007cfo.1
Mcm4 1.42 ENSMUSG00000022673 uc007yhr.1
D16H22S680E 1.40 ENSMUSG00000013539 uc007yni.1
Mxra7 1.31 ENSMUSG00000020814 uc007mmf.1
Timm50 1.31 ENSMUSG00000003438 uc009fyf.1
Nup133 1.29 ENSMUSG00000039509 uc009nws.1
Lyplal1 1.29 ENSMUSG00000039246 uc007dzm.1
Unc5c 1.27 ENSMUSG00000059921 uc008roc.1
Serinc5 1.22 ENSMUSG00000021703 uc007rks.1
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Table 3 Genes down regulated by Fstl1
In table 3 the names and ENSEMBLE and UCSC codes of genes that are down regulated in any of the Fstl1 stimulated groups, as 
well as differentially expressed during limb bud development  [285 Gyurjan, I (2011)] are tabulated. The fold down regulated is 
the geometric mean of all the significant changes per gene.

Abbreviation Fold Change ENSMUS UCSC code
Rarb 0.01 ENSMUSG00000017491 uc007she.1
Cenpp 0.02 ENSMUSG00000021391 uc007qjk.1
Cd68 0.16 ENSMUSG00000018774 uc007jqx.1
Zim1 0.19 ENSMUSG00000002266 uc009fbv.1
Matn3 0.20 ENSMUSG00000020583 uc007nag.1
Upk1b 0.27 ENSMUSG00000049436 uc007zfm.1
Gatm 0.32 ENSMUSG00000027199 uc008maw.1
Myl4 0.32 ENSMUSG00000061086 uc007lwt.1
Skida1 0.36 ENSMUSG00000054074 uc008ill.1
Tmem40 0.54 ENSMUSG00000059900 uc009dja.1
Asb4 0.56 ENSMUSG00000042607 uc009awi.1
Trf 0.60 ENSMUSG00000032554 uc009rgi.1
Kazald1 0.61 ENSMUSG00000025213 uc008hqs.1
Zfp37 0.64 ENSMUSG00000028389 uc008tbw.1
Msi1 0.70 ENSMUSG00000054256 uc008zdu.1
Meox1 0.73 ENSMUSG00000001493 uc007lpx.1
Fam49a 0.73 ENSMUSG00000020589 uc007nbc.1
Parp1 0.73 ENSMUSG00000026496 uc007dwi.1
Cyp7b1 0.74 ENSMUSG00000039519 uc008orm.1
Nsg1 0.76 ENSMUSG00000029126 uc008xga.1
Scpep1 0.77 ENSMUSG00000000278 uc007kvx.1
Ppp1r7 0.77 ENSMUSG00000026275 uc007cdv.1
Irx5 0.78 ENSMUSG00000031737 uc009mub.1
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Table 4 Primer sequences used for qPCR

Name Sequence
FW_GAPDH TGTCAGCAATGCATCCTGCA
RV_GAPDH CCGTTCAGCTCTGGGATGA
FW_Fstl1 CGAGCACGATGTGGAAACG
RV_Fstl1 CCTCTTGTGAGGTTTGCATTGC
FW_Scx AGAGACGGCGGCGAGAACAC
RV_Scx GTGGGGCTCTCCGTGACTCTTC
FW_TNDM TTTGGGTTCCCGCAGAAAAGCCT
RV_TNDM TTGCGGGACCACCCATTGCT
FW_COL1a1 TTGGTGCTGCTGGACCCCCT
RV_COL1a1 ACGCACACCCTGGGGACCTT
FW_TGFBR2 GGTGGGAACGGCAAGATACA
RV_TGFBR2 GAACCAAATGGGGGCTCGTA
FW_TGFb2 CGTCCCACCTCCCCTCCGAA
RV_TGFb2 CAATCCGCTGCTCGGCCACT
FW_TGFb3 GCACCCGGGAGTTGCTGGAAG
RV_TGFb3 TTGGGGCAGACGGCCAGTTC
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Abstract
Rationale: Approximately 25% of the recently classified genetic skeletal disorders were classified as of unknown 

aetiology  [287 Warman, ML (2011)]. Homozygous disruption of Fstl1 in mice results in a multitude of develop-

mental defects, including defects of the skeleton  [177 Sylva, M (2011)].

Objective: We set out to investigate whether defects in FSTL1 occur in patients suffering from skeletal disorders  

similar to those observed in Fstl1 KO mice. 

Results and methods: In 15 patients diagnosed with either Campomelic dysplasia, small patella syndrome or BILU 

syndrome (B cell Immunodeficiency, Limb anomalies, and Urogenital malformations), but without a known ge-

netic cause. The coding sequence of Fstl1 was amplified using PCR. Using Sanger sequencing, no mutations were 

found in the coding sequence of Fstl1. Moreover in none of these 15 patients  copy number variations in Fstl1 were 

identified using qPCR.

Conclusion: We did not identify mutations or genomic imbalances in FSTL1 in the 15 patients with Campomelic 

dysplasia, small patella syndrome or BILU. FSTL1 might be involved, however, in other human skeletal disorders.
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Introduction

Genetic skeletal disorders comprise a large group of disorders that share skeletal mal-
development with various modes of inheritance. Of the recently classified 456 conditions, 316 
were associated with a known genetic defect, thus 25% of the inherited skeletal disorders are 
of unknown aetiology  [287 Warman, ML (2011)].
Follistatin-like 1 (Fstl1) is a gene first identified as a transforming growth factor beta (TGFβ) 
induced factor in an osteoblastic cell line  [110 Shibanuma, M (1993)]. Fstl1 has been implicated 
in the bone morphogenetic protein (BMP) signalling pathway and is expressed during 
embryogenesis in most developing organs, including the developing skeleton  [177 Sylva, M 
(2011)], [119 Adams, D (2007)]. Homozygous disruption of Fstl1 in mice shows a multitude of 
developmental defects, including those of the developing skeleton, ureters, lungs and trachea  

[177 Sylva, M (2011)], [135 Geng, Y (2011)], [203 Xu, J (2012)].

Fstl1 KO mouse defects
We have tabulated the defects observed in Fstl1 KO mice, according to the affected organ system 
(Table 1). The most prominent skeletal defects include bowing of the long bones, abnormal 
spine curvature, displacement of the atlas, absence of the patella, dislocation of the hip, and 
digit malformations such as synostosis and syndactyly of the proximal phalanx  [177 Sylva, M 
(2011)]. The majority of the Fstl1 KO skeletal defects are observed in two different genetic 
backgrounds (FVB and C57BL/6). Digit defects, however, were only found in one of the two 
mouse strains (C57BL/6), which might be the result of differences in the genetic background.
Besides the skeletal phenotype, defects of the respiratory tract are also present in Fstl1 KO mice. 
The cartilage rings of the trachea and bronchi are underdeveloped, resulting in tracheomalacia. 
Moreover, the lungs develop abnormally as the alveolar membranes are hypercellular and 
thick  [135 Geng, Y (2011)]. In addition, defects of the urinary tract are described such as hydro-
ureter, a result of the abnormal development of the uretero-vesical junction  [203 Xu, J (2012)]. 
Our own data, as yet unpublished, show that in addition to those defects, tendon development 
is severely reduced in Fstl1 KO mice.
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Table 1 Similarities between the Fstl1 phenotype and the identified human congenital diseases. 
CD=campomelic dysplasia, SPS= small patella syndrome, BILU= B-cell immunodeficiency, limb anomalies, and urgogential 

malformations.

Campomelic dysplasia is phenotypically similar to loss of Fstl1 in mice
Campomelic Dysplasia (CD) is a congenital disease characterised by several skeletal 
malformations, severe respiratory distress and sex reversal in XY karyotyped patients  [295 
Mansour, S (1995)]. In the majority of the cases a heterozygous abrogation of the SOX9 gene 
is found to be causal for the disease. However in an approximate 5% of the cases of CD, no 
underlying genetic defect has been found  [296 Unger, S (1993)].
In Fstl1 KO mice the long bones of the limbs are bent, the eponymous feature in CD. Also other 
skeletal defects occur in both Fstl1 KO mice and CD, such as hip displacement and patella 
defects (Table1). CD and Fstl1 KO mice share a number of defects in other organ systems. 
Firstly, both CD patients and loss of Fstl1 KO mice display severe respiratory distress, eventually 
resulting in death, partly because the cartilage of the trachea is mal-developed, resulting in 
tracheomalacia. Secondly, in both CD and in Fstl1 KO mice hydro-ureter is observed, albeit that 
absence of the smooth muscle cells is causal for the hydroureter in mouse models for CD, and 
aberrant implantation of the ureter in the bladder is the underlying cause in Fstl1 KO mice  [297 
Airik, R (2010)], [203 Xu, J (2012)].
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CD and small patella syndrome
CD is usually caused by loss of function of one SOX9 allele and results, due to the respiratory 
defects, generally in early lethality, albeit cases in which a loss of function of one SOX9 allele 
gives rise to a mild CD phenotype, are also described  [298 Corbani, S (2011)], [299 Wada, Y 
(2009)], [300 Offiah, AC (2002)], [301 Matsushita, M (2013)]. The phenotype of some of these 
mild CD cases overlaps with small patella syndrome  [300 Offiah, AC (2002)]. Small patella 
syndrome is typically caused by heterozygous loss of function mutations in TBX4  [302 Bongers, 
EM (2004)]. However, also partial loss of function of SOX9 in absence of TBX4 mutations was 
found to result in a phenotype similar to small patella syndrome,  [301 Matsushita, M (2013)]. 
Interestingly, also in the Fstl1 KO mice the patella was absent [177 Sylva, M (2011)].

BILU
In addition to the skeletal defects, Fstl1 KO mice also suffer from hydro-ureters. In a study on 
HOXA13, a master regulator of digit and urinary tract developmental, Fstl1 was identified as 
a downstream target, underscoring the role of Fstl1 in the development of the urinary tract. 
Interestingly, mutations in Hoxa13 give rise to the hand foot genital syndrome, characterised by 
genital and digit malformations as well as defects of the urinary tract. The combination of ureter 
and digit malformations in absence of Hoxa13 abnormalities has also been described  [303 
Hugle, B (2011)]; in addition in some of these patients a B-cell mediated immune deficiency was 
observed. This phenotypic combination was given the acronym BILU (B cell Immunodeficiency, 
Limb anomalies, and Urogenital malformations) and has probably an autosomal dominant 
inheriting pattern  [304 Edery, P (2001)], [305 Hoffman, HM (2001)], [306 Tischkowitz, M 
(2004)], [303 Hugle, B (2011)]. Although the immune system was never analysed in Fstl1 KO 
mice, it is known that Fstl1 plays a role in the immune response regulating cytokine production 
(reviewed in  [283 Sylva, M (2013)]).
In summary, most of the defects found in the Fstl1 KO mice have a human paralogue. However, 
to our knowledge, no attempts have been made to identify defects in FSTL1 in patients suffering 
from congenital disorders with a phenotype similar to Fstl1 KO mice and an unknown aetiology. 
We therefore, analysed FSTL1 in 15 patients suffering from the three different diseases, 
campomelic dysplasia, small patella syndrome and BILU syndrome.
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Methods

Genomic DNA from 12 patients suffering from unexplained CD (kindly provided by Prof Dr 
G Scherer), ie no known haploinsufficiency for SOX9, 2 patients suffering from unexplained 
small patella syndrome (kindly provided by Dr. S de Munnik) i.e.no know haploinsufficiency 
for TBX4, and 1 patient suffering from BILU (kindly provided by Dr. D Webster) were analysed 
for mutations in the coding sequence of FSTL1 by Sanger Sequencing and for copy number 
variations using genomic qPCR.

Sequence analysis of FSTL1
Using the primers listed in Table 2 we PCR amplified the FSTL1 coding region and micro RNA binding 
and coding part in the 3’ UTR. After amplifications the PCR product was diluted and sequenced 
using Big Dye Terminator (BDT) and manually analysed for variances in coding sequence. The 10 
base pair regions up- and downstream of the exons were considered the splice donor and acceptor 
sites.

Table 2 primer sequences
Sequence of the primers used to analyze the sequence of the exons of FSTL1 as well as to determine the copy number variation 

(CNV) by qPCR.

Copy Number Variation analysis
For analysis of copy number variations qPCR was performed using the primer sets depicted 
in Figure 1 and listed in Table 2. Three regions in FSTL1 were PCR amplified. As a reference 
we amplified a fragment of genomic DNA in which no copy number variations (CNV) occur in 
healthy control individuals and we analysed 3 control patients. Quantitative PCR (qPCR) was 
performed using the LightCycler® 480 (Roche) and the LightCycler® 480 SYBR Green I Master 
solution (Roche Cat: 04887352001), qPCR data was analyzed using the LinRegPCR program.  

[279 Ruijter, JM (2012)].
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Results

Analysis of the FSTL1 coding sequence
FSTL1 is composed of 11 exons, its last exon contains a micro RNA binding site for micro RNA 
(MIR) 206 as well as encodes MIR 198. All coding exons and their surrounding flanking regions 
and both micro RNA sites were PCR amplified and Sanger sequenced. We identified nucleotide 
variations in both coding and noncoding regions of FSTL1, as listed in Table 3. The majority of 
the identified variations are known SNPs (Table 3). One variation found, however, was not listed 
as a known SNP, though the nucleotide variation was intronic and outside the splicing donor/
acceptor site. We, therefore, concluded that it is unlikely that FSTL1 nucleotide variations 
underlie the observed defects in our patient group.

Table 3 Sequencing results 
Summary of the identified differences relative to the reference sequence. The reference single nucleotide polymorphism 
identification (RS) number of the identified single nucleotide polymorphism (SNP) is given in the left column. The major allele 
frequency (MAF) as identified in the 1000 gene project as well as in our study is displayed in the middle column.

FSTL1 copy number variations
Even though Fstl1 heterzygous mice are viable and do not display severe skeletal defects, we set out 
to explore whether haploinsufficiency for FSTL1 occurs among healthy humans. Using the Database 
of Genomic Variants  [307 Macdonald, JR (2014)], haploinsufficiency in healthy controls was not 
observed, which potentially underscores the importance of FSTL1 for normal development.
We then set out to determine copy number variations using quantitative PCR in our patient group. 
A stable locus in the genome, identified by previous CNV studies, was used as a negative control. 
We used three primer sets effectively spanning the entire genomic locus of FSTL1 (see figure 1, table 
2). Control DNA of unaffected healthy individuals was included as a reference. One out of the 12 
unexplained Campomelic Dysplasia patients displayed an abnormal copy number variation (figure 
2). To follow-up and confirm these findings, we attempted to perform an array comparative genomic 
hybridisation (CGH). However, an initial quality check showed that the DNA was too degraded to 
undergo array CGH, likely explaining the spurious qPCR findings in FSTL1.
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Discussion

Comparing the Fstl1 KO mouse phenotype to human malformations resulted in the selection of 
three patient groups, ie CD, small patella syndrome and BILU. We collected DNA of 15 patients 
suffering from either one of these conditions and who had no known genetic defect. Analysis of 
the coding sequence and of the CNV of FSTL1 in those patients did not reveal any abnormalities 
in the FSTL1 gene. It, therefore, seems unlikely that abnormalities in FSTL1 gives rise to either 
of the before mentioned diseases.
Several papers have been written on campomelic dysplasia, its differential diagnosis and 
bent bones diseases in general  [221 Cormier-Daire, V (2004)], [288 Akawi, NA (2012)], [308 
Watiker, V (2005)]. From this literature two candidate syndromes for FSTL1 screening remain, 
ie Cumming Syndrome and the Stüve Wiedemann syndrome.

Cumming syndrome
Cumming syndrome bears many similarities to CD and some cases that were previously 
diagnosed with Cumming syndrome turned out to have a loss of function of SOX9  [308 Watiker, 
V (2005)].
Interestingly, the major features differentiating Cumming syndrome from CD are the presence 
of a narrow tall pelvis, hypoplastic scapula and sex reversal in CD  [308 Watiker, V (2005)], 
which all three are not reported in Fstl1 KO mice  [283 Sylva, M (2013)]. In addition Cumming 
syndrome is suspected to inherit in an autosomal recessive manner, since consanguinity has 
been reported in several Cumming syndrome cases  [309 Cumming, WA (1986)], [310 Perez del 
Rio, MJ (1999)]. Also in mice the loss of two Fstl1 alleles is required for the phenotype to occur.
On the other hand, in addition to the bending of the long bones, polycystic lesions were found 
in pancreas, liver and kidney of Cumming syndrome patients, which are not observed in Fstl1 
KO mice.

Stüve Wiedemann Syndrome.
Stüve Wiedemann syndrome (SWS) is an autosomal recessive inheriting disorder usually 
caused by mutations in the Leukemia Inhibitory Factor Receptor (LIFR)  [311 Jung, C (2010)]. 
Phenotypically SWS is characterised by bending of the long bones as well as dysautonomia 
symptoms such as episodes of hyperthermia and respiratory and feeding difficulties  [288 
Akawi, NA (2012)]. Although some cases of SWS have remained unsolved and involve bending of 
bones and have an autosomal recessive inheriting pattern  [311 Jung, C (2010)], the phenotype 
of SWS also has dissimilarities to the Fstl1 KO mice. In SWS hyposensitivity for pain has been 
described, in contrast to the increased sensitivity for pain as observed in Fstl1 KO mice  [155 Li, 
KC (2011)]. Also the breathing difficulties in SWS are not based on anatomical malformations 
of the trachea, as in Fstl1 KO mice, but on autonomic dysregulation in SWS  [288 Akawi, NA 
(2012)].
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FSTL1 mutations in humans?
Even though many similarities exist between some of the unexplained skeletal dysplasias 
and the Fstl1 KO mouse phenotype, it might be that human FSTL1 mutations are 
incompatible with life. In zebrafish Fstl1 has been studied and demonstrated to play a role 
in the establishment of the dorso-ventral axis (reviewed in  [283 Sylva, M (2013)]). Possibly 
homozygotic loss of FSTL1 in humans could, as such, result in early embryonic lethality 
due to abnormal dorso-ventral axis establishment and thus prevent the propagation of 
FSTL1 mutations. On the other hand, there might be redundant factors for FSTL1 that could 
prevent developmental defects in absence of FSTL1, however no FSTL1 paralogues with 
great structural or functional similarities seem to exist  [283 Sylva, M (2013)].
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Conclusion

We did not identify mutations or genomic imbalances in FSTL1 in the 15 patients with CD, 
small patella syndrome or BILU we studied. This suggests that FSTL1 does not play a major 
role in phenotypes of these patients. However, FSTL1 might be involved in other human 
skeletal disorders such as Cumming syndrome and remains a candidate for unexplained 
skeletal dysplasias.
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Abstract
Rationale: During development, the atrioventricular conduction axis becomes insulated by connective tissue of 

the central fibrous body. The role of this insulation in the function of the central cardiac conduction system is 

largely unknown. Follistatin-like 1 (FSTL1) is a secreted protein involved in the development of the connective tis-

sue of many different organ systems and is also expressed in the developing heart. 

Objective: We set out to study the role of Fstl1 in the development of the AV conduction axis insulation.

Results and Methods: Using genetic lineage tracing, we found that endocardium-derived connective tissue is the 

primary source of the insulation of the central conduction system. Conditional deletion of Fstl1 from the endo-

cardium and-derived tissues, but not from the myocardium, resulted in a 20% increase in PR interval in 1 day old 

mice. However, histology and morphometry did not reveal differences in the size of the atrioventricular conduc-

tion system and its insulation. We assessed the transcriptional regulatory mechanism of Fstl1 in the endocardium 

and identified a key regulatory DNA element within the Fstl1 gene that drives expression in the endocardium-

derived cells in vivo. Luciferase assays demonstrate that this element is strongly responsive to TGFβ2-signalling 

and we found that Fstl1 expression is down-regulated in TGFβ2 mutant mice. 

Conclusion: These studies revealed that Fstl1 expression in endocardium-derived tissue is regulated by a connec-

tive tissue master regulator TGFβ2, and is required for normal AV conduction axis function without affecting the 

morphology of the atrioventricular conduction axis.

Conclusion: We did not identify mutations or genomic imbalances in FSTL1 in the 15 patients with Campomelic 

dysplasia, small patella syndrome or BILU. FSTL1 might be involved, however, in other human skeletal disorders.
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Introduction

Different types of myocardium can be defined based on differences in conduction velocity. 
From early development onwards the chambers of the embryonic heart are composed of 
fast conducting myocardium, whereas the myocardium situated in-between the atrial and 
ventricular chambers, the atrioventricular (AV) canal, has a slowly conducting phenotype. 
In birds and mammals, the AV canal myocardium contributes to the lower rim of the atria, 
the AV node and AV ring bundles  [53 Aanhaanen, WT (2010)]. The latter is a small ring 
of slow conducting myocardium that surrounds the left and right AV junctions. These 
AV ring bundle progressive disappear towards adulthood. While the conduction system 
differentiates from the AV myocardium, a mesenchymal layer, the fibrous insulation, forms 
at the border of the AV and ventricular myocardium. The processes regulating the formation 
of the insulation and the relevance for AV conduction are largely unknown. Defects in AV 
conduction occur in humans at all ages, ranging from congenital heart block in infants and 
fetuses to acquired AV block occurring in the elderly  [312 Fleg, JL (1990)], [313 Izmirly, 
PM (2012)], [314 Schmidlin, O (1992)]. Increased knowledge of the cell populations and 
signaling events leading to normal formation of the AV node and its insulation should 
prove valuable in understanding and possibly curing or preventing those diseases.
The cells contributing to the insulating cardiac connective tissue are-derived from 
epithelium covering the outer and inner surface of the heart, the epi- and endocardium, 
respectively  [315 Wessels, A (2012)]. This process involves epithelial-to-mesenchymal 
transition (EMT). Transforming Growth Factor beta 2 (TGFβ2) is an essential regulator 
of EMT and, consequently, homozygous disruption has a pronounced effect on the 
development of the cardiac cushions  [316 Kruithof, BP (2012)]. 
Follistatin-like 1 (FSTL1) is a secreted protein first identified as a TGFβ-induced factor  [110 
Shibanuma, M (1993)] and is important for the development of various organ systems 
including skeletal development  [177 Sylva, M (2011)]. Many of the processes regulating 
cardiac connective tissue development are largely similar to those found in regulating 
development of bones  [5 Lincoln, J (2006)]. In the developing chicken embryo FSTL1 is 
expressed in the heart and found primarily in non-myocardial cells  [4 van den Berg, G 
(2007)]. 
We investigated the role of Fstl1 in the development of the connective tissue surrounding 
the AV junction and its relation with the function of the AV node. We demonstrate that 
FSTL1 produced by the endocardium and endocardium-derived mesenchyme influences 
normal function of the central cardiac conduction system, independent of the AV junction 
morphology. Furthermore, we demonstrate that Fstl1 is regulated by TGFβ signaling 
through an enhancer which is active in endocardium-derived tissue and located in the 
Fstl1 gene.
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Materials and Methods

Mice and collecting tissue
The investigation conforms to the Guide for the Care and Use of Laboratory Animals 
published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996) 
and the European Commission Directive 2010/63/EU and was approved by the institutional 
review board. The approvals are registered under number DAE-100484,-100874,-102527.
The Fstl1 conditional and full KO mice are previously described in  [177 Sylva, M (2011)], 
the Tie2cre in  [317 Kisanuki, YY (2001)], MYH6cre in  [318 Agah, R (1997)], the WT1cre in  

[315 Wessels, A (2012)] the R26-mT/mG reporter mice in  [319 Muzumdar, MD (2007)] and 
the Tgfβ2 KO mice in  [320 Sanford, LP (1997)]. Genotyping was done as described in the 
above mentioned studies; primer sequences and pcr protocol are available on request.
Pregnant females were sacrificed at the appropriated gestational time to harvest 
embryonic tissue. The day the vaginal plug first appeared was interpreted as embryonic 
day (ED) 0.5. After sedating mice with CO2 gas, the mice were killed by cervical dislocation. 
Embryos were harvested in ice cold PBS, decapitated, heads were collected in ice-water, 
tails were removed for genotyping, the rest was skinned and fixed in 4% paraformaldehyde 
overnight, then dehydrated using graded ethanol incubations and embedded in paraffin 
for serial sectioning.
Before mouse pups were harvested, an ECG was recorded (see below); pups were then 
decapitated when still anesthetised, tails removed for genotyping, skinned thoraxes 
were fixed in 4% paraformaldehyde overnight, then dehydrated using graded ethanol 
concentrations and embedded in paraffin for serial sectioning.

Lineage tracing
The endocardium lineage tracing was performed in a FVB background using male Tie2cre 
mice crossed with female R26-mT/mG reporter mice, at ED 18.5 embryos were collected 
as described above.
The epicardium lineage tracing was performed in a C57BL/6 background using WT1cre and 
R26-mT/mG reporter mice, the embryos (at ED 18.5) were a kind gift from dr A Wessels.

Immunofluorescent staining
Immunofluorescent staining was essentially performed as described previously  [177 Sylva, 
M (2011)]. In short, the embryos were sectioned at a thickness of 7 μm, all the sections 
containing heart tissue were mounted on glass slides and stained with an immuno-
fluorescence protocol. After deparaffinization and rehydration in a graded ethanol 
series, the sections were boiled for 5 minutes in antigen unmasking solution (H3300, 
Vector). The following primary antibodies were used: anti-Tni(Milipore AB1691), anti-
GFP (Abcam AB13970), anti-HCN4 (Milipore AB5808), anti-CX40 (Santa Cruz C20466). For 
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immunofluorescent visualization Alexa568 conjugated goat-anti-rabbit (Molecular Probes 
A-1101), Alexa405 conjugated goat-anti-mouse (Molecular Probes A-31553), Alexa488 
conjugated goat-anti-chicken (Molecular Probes A-11039) and Alexa680 conjugated 
donkey-anti-goat (Molecular Probes A-21084) were used as secondary antibodies. Nuclei 
were visualized using Sytox Blue (Molecular Probes S11348). Fluorescence was visualized 
using a Leica DM-6000 microscope. 

3D reconstructions of tissue surrounding the conduction system
The central cardiac conduction axis was then reconstructed in 3D using Amira (version 
5.4.3, www.amira.com) using the following protocol. The components of the central 
conduction system, the ring bundle, AV-node and AV-bundle, were identified based on the 
characteristic expression patterns of Hcn4 and Cx40 and reconstructed in 3D. This volume 
was then expanded into the tissue area by 50 μm in x, y and z direction and designated 
as the tissue surrounding the conduction system. In the expanded area the percentage of 
lineage positive cells was measured by using the 3D Measurement Toolbox  [321 de Boer, 
BA (2012)]. The quantitative results were then plotted onto the 3D reconstruction of the 
conduction system. A color scale indicates the different percentages.

In Situ hybridisations
In situ hybridization was performed as previously described  [177 Sylva, M (2011)]. In short, 
the embryos were sectioned at 12 μm thickness, sections were then deparaffinised and 
rehydrated in a graded series of alcohol. After proteinase K pre-treatment, pre-hybridization 
and blocking with total yeast RNA, a digoxigenin (DIG)-labeled probe was added to the 
hybridization mix. Probes specific to cTnI, Fstl1, Col3a1, Tbx3, Cx40 and Hcn4 were used 
(probes available on request). After incubation with alkaline phosphatase-conjugated 
anti-DIG Fab fragments (Roche catnr: 10932740) the probe binding was visualized using 
nitro blue tetrazolium chloride and 5-bromo-4-chloro-3-indolyl-phosphate (Roche catnr: 
1681451).

Pico Sirius Red staining
Sections of 12 µm thick where deparafinzed and dehydrated using graded ethanol series. 
Then incubated in picro-sirius red solution(Sigma Aaldrich P6744-1GA)(0.1%) Ph 2.0. 
Followed by differentiation in 0.01M HCl until collagen tissue is clearly red and other tissue 
is yellow.

Quantitation of conduction system and surrounding area
In 3 Fstl1-endoKO and 3 wild type control littermate mice the conduction system was 
reconstructed. Hearts were sectioned at 12 µm thickness and were stained, using RNA-
ISH, for cTnI,Cx40, Hcn4 and Col3a1 alternatingly. For the collagen measurements 3 WT an 
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3 Fstl1-endoKO hearts were sectioned at 12 µm and mounted on glass slides and stained 
as described above, however every fifth section was mounted on a separate glass slide. On 
these sections the Pico Sirius red staining was done. Using the characteristic expression 
pattern of Hcn4 and Cx40 in the conduction system the AV-ring, node and bundle were 
reconstructed. The volumes of the AV-Node and AV-bundle were measured in Amira, the 
mean was calculated per group and compared between groups. The volume of the AV-
ring and bundle were then expanded into the tissue area by 50 micrometer in x, y and 
z direction. In the expanded area the percentage of volume positive for Col3a1 or Pico 
Sirius red was measured using Amira (version 5.4.3, www.amira.com). The percentages of 
Col3a1 and Pico Sirius Red positive areas were compared between groups.

Haematoxylin Azo phloxin staining
For Haematoxylin Azo phloxin staining PFA fixed and paraffin embedded tissue was 
sectioned, mounted on glass slides, rehydrated using graded ethanol and incubated in 
Haematoxylin solution (Merck 4305), rinsed in water and then incubated in Azo phloxin 
solution (Michrome 662), rinsed with water again, dehydrated in graded ethanol and then 
mounted in Entellan (Merck 7961).

ECG recordings
All mice for these experiments were bred in FVB background. For the endocardium specific 
KO mice Fstl1-/+ Tie2cre males were crossed with Ftsl1fl/fl female mice. For the myocardium 
specific KO mice Fstl1-/+ MYH6cre males were crossed with Ftsl1fl/fl female mice.
For ECG recordings at ND1 entire nests of new born pups were analysed as follows. Every 
pup was anesthetized using Isoflurane gas. ECGs were recorded using a custom build 
acquisition system (Biosemi, Amsterdam, The Netherlands, sampling rate 2000 Hz, filtering 
DC 400 kHz [3dB]). To ensure steady state measurements the ECGs were recorded from 
5 min anaesthesia onwards until 10 minutes of anaesthesia, during which the heart rate 
remained stable. The ECGs were analysed using custom-made software based on MATLAB 
R2006b (MathsWorks Inc., Natick, MA). After analysis of the ECGs the pups were genotyped 
ensuring blinded interpretation of the data.

Identification of Enhancers
p300, Pol2 and Ctcf ChIP-seq data (GSE29218) was aligned to the mouse genome and 
putative enhancers were assigned by overlapping peaks within Ctcf boundaries (on the 
presumption that the latter may represent anchor points for DNA looping) between p300 
and Pol2. The putative enhancer fragments were amplified using the primers in table 1.

Luciferase assays
The putative enhancers were amplified by high fidelity PCR reaction using Phusion Hot Start 
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II High-Fidelity DNA Polymerase and then cloned in pGL2-E1b-luciferase reporter (Creemers 
Dev 2006). All enhancer fragments were sequenced using BDT Sanger sequencing. The Fstl1 
basal promoter was cloned in the pGL3-basic empty vector (Promega) using the primers 
previously described  [108 Wu, Y (2010)]. Detailed protocols and primers are available on 
request. 
HepG2 cells were used for the transfection assays. The HepG2 cells were grown and 
stimulated in DMEM-F12 medium containing non heat inactivated 10% FCS and cells were 
transfected in serum free medium. The luciferase plasmids were transfected using PEI in a 
1µg:4µg ratio DNA:PEI. The pRL-TK-Renilla plasmid (Promega catnr E2241) was used as an 
internal control and an empty pGL2EiB plasmid was used as a control condition. In total 1 
µg of luciferase plasmid and 10 ng of internal control plasmid was transfected per 12 wells 
well. 12 hours after transfection, the serum free medium was replaced and wells were 
incubated either in 7.5 ng/ml TGFβ2 enriched medium or in the regular culturing medium. 
24 hours after stimulation cells were lysed in Luciferase lysis buffer and measured using a 
Luciferase or Renilla chemilucent solution (Promega catnrE2820) on a Glomax plate reader 
(Promega model 9301-010). Systematic differences between separate experiments were 
removed using factor correction  [322 Ruijter, JM (2006)].

Stimulation with Cycloheximide and TGFβ2
The 3T3 fibroblastic cell line was used for stimulation with TGFβ2 and Cycloheximide 7.5 
ng/ml and 5 µg/ml respectively. Cells were grown in DMEM 41965 medium containing 
10% non-heat-inactivated FCS, Hepes and antibioticis, and stimulated for 6 hours with 
the above described additives. After washing with PBS, Trizol reagent (Invitrogen Catnr 
10296028) was used for RNA extraction using the provided protocol. 

Isolation of embryonic TGFβ2 KO and WT Limbs and AVC
By crossing heterozygous Tgfβ2-/+ mice KO and WT embryos were harvested at ED 12.5. Limb 
buds and AV-canals were isolated from the embryos and shipped on dry ice in RNAlater 
solution (company?). After homogenisation of the tissue by a turrax in Trizol reagent 
(Invitrogen Catnr 10296028) RNA was extracted using the company provided protocol.

qPCR
From RNA, single stranded cDNA was made using SuperScript™ II Reverse Transcriptase 
(Invitrogen Cat: 18064-071) with Oligo(dT) primers, according to manufacturer’s 
protocol. Quantitative PCR (qPCR) was performed using the LightCycler® 480 (Roche) 
and the LightCycler® 480 SYBR Green I Master solution (Roche Cat: 04887352001). Cycles 
consisting of 10 seconds of denaturation at 95oC, 20 seconds of primer binding at 60oC and 
20 seconds of construct elongation at 72oC were used. qPCR data was analyzed using the 
LinRegPCR program. [279 Ruijter, JM (2012)]. The house keeping gene Gapdh was used 
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for normalisation. Primer sequences for the mouse gene products of Gapdh and Fstl1 are 
listed in table 1.

Primer list (Table 1)
Product Forward Reverse
Enhancer A TCATTCTTTAGTCAATATGGCATT-

TATCA 
CCTGCTTATGCCAAGGTGGA 

Enhancer B ATCCTGAGGCCCCCTTCAAGAGCTA AACAATCCAGGCTGGGTCTCCCATC 
Enhancer C TGGTTGTGTAGCCCCGTATCT GCACTGCTCGAGACCCATTA 
Enhancer D GGGTGCGTGCAACTGGTAAA GGCTGGGAACTGATAGTGAGG 
Enhancer E GGACCTAAGAGCAGGCTGAC AGGCACACCAAAGGGGTATT
Gapdh TGTCAGCAATGCATCCTGCA CCGTTCAGCTCTGGGATGA
Fstl1 AGCCCACGTGCCTCTGCATT GGCTGGCAGATGGACTCGCA

F0 enhancer screen
The candidate enhancer was subcloned into the Hsp68-LacZ reporter vector  [323 Kothary, R 
(1989)]. The DNA was injected into the pronucleus of 0.5-day-old fertilized FVB/N Oöcytes, 
then transferred into the oviducts of CD-1 pseudopregnant foster females (Cyagen Inc.). 
Embryos were harvested and stained with X-gal to detect LacZ activity, and yolk sacs were 
processed for PCR genotyping. Embryos were photographed as a whole and then sectioned 
at 12 µm and counterstained with “Kernecht Rot”.

Statistics
Statistical analysis was performed using SPSS (IBM); for all experiments the significance 
level was set at 0.05.
For the ECG experiments an analysis of variance (ANOVA) was used to compare the average 
PR and RR intervals between groups.
For the qPCR on ED 12.5 limb buds a two way ANOVA was used to demonstrate the 
difference between WT and TGFβ2 KO limb buds. For the qPCR on NIH3T3 cells this ANOVA 
demonstrated a significant interaction between TGFβ2 and cycloheximide; therefore the 
data set was split for cycloheximide and a T-test was performed to compare for TGFβ2 
treatment for each cycloheximide group.
For the enhancer screen analysis of variance demonstrated a significant interaction 
between the different plasmids and TGFβ2 treatment, therefore the data set was split for 
each enhancer and a T-test was performed to test the effect of TGFβ2 treatment.
All error bars show standard error of the mean (SEM), for the enhancer deletion 
experiments the SEM were calculated with error propagation for ratios.



Chapter 6 125

Results

Fstl1is expressed in the connective tissue surrounding the AV junction 
during development.
In hearts of mouse, rat and chicken Fstl1 mRNA is expressed during cardiac development. 
While Fstl1 is preferentially expressed in the non-myocardial component,  [119 Adams, 
D (2007)], [3 Lombardi, MP (2003)], [4 van den Berg, G (2007)] expression has also been 
reported in the myocardium itself  [174 Shimano, M (2011)]. Visualization of the pattern of 
Fstl1 expression in the region of the developing AV canal, AV node and AV bundle using RNA 
in situ hybridization (ISH) showed that Fstl1 is expressed in and surrounding the conduction 
system (Figure 1). At embryonic day (ED) 12.5 expression of Fstl1 was observed in both 
the endocardium and epicardium  and their respective flanking mesenchyme adjacent to 
the AV canal myocardium. At neonatal day (ND) 1, Fstl1 remained to be expressed in the 
connective tissue of the insulating plane surrounding the AV node. However, expression 
was also identified, though at a lower level, in the myocardium of the AV node.

The endocardium-derived population of the insulating plane preferentially 
surrounds the central cardiac conduction axis.
During development the cardiac connective tissue is predominantly-derived from three 
different lineages, being the cardiac neural crest, the endocardium and the epicardium. 
The cardiac neural crest-derived cells contribute to the developing arterial valves and wall 
of the arterial pole but not to the mesenchyme of the insulating plane  [72 de Lange, FJ 
(2004)]. The endocardium- and epicardium-derived cells populate the mesenchyme of the 
insulating plane  [72 de Lange, FJ (2004)], [315 Wessels, A (2012)], [73 Zhou, B (2010)]. 
However, their exact contributions to the different areas of in the insulating plane were not 
studied in detail. Here we report on the contributions of either lineage using the endocardial 
Tie2cre  [317 Kisanuki, YY (2001)] and the epicardial WT1cre mice  [315 Wessels, A (2012)] 
crossed with the R26-mT/mG reporter mice  [319 Muzumdar, MD (2007)], in which lineage 
traced cells express green fluorescent protein (GFP).
In ED17.5 fetuses, the cardiac conduction system was identified using a quintuple 
immunofluorescent staining, combining  the expression of cardiac troponin I (cTnI or 
TNNI3), hyperpolarization activated cyclic nucleotide-gated potassium channel 4 (HCN4), 
connexin-40 (CX40 or GJA5), and GFP, as well as Sytox Blue to identify all nuclei (Figure 2). 
We identified the AV node and ring bundle as HCN4-positive / CX40-negative myocardium, 
and the AV bundle and bundle branches as HCN4 and CX40 double-positive myocardium  

[53 Aanhaanen, WT (2010)]. Within in these cell populations we never observed cells that 
were also co-labeled for GFP, indicating that there is not contribution of the endocardial 
and/or epicardial-derived population to the myocardium of the central conduction system. 
Based on these staining patterns, the ring bundles and the entire central conduction system 
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were reconstructed in 3D. The area immediately adjacent to the cardiac conduction system 
was then analyzed for its contribution of cells-derived from either of the lineages by virtue 
of their GFP expression (Figure 2 and Figure SI 3D PDF). An initial inspection of the 3D 
distribution of the epicardium-derived mesenchyme shows that this population is mainly 
found to surround the ring bundle and the outer surface of the AV node. The endocardium-
derived mesenchyme was mainly found around the AV bundle and bundle branches, and 
around the part of the AV node that is connected to the AV bundle. Quantitative analysis 
of the distribution of these cells showed that endocardium- and epicardium-derived cells 
are largely complementary to one another with little intermingling of both populations. 
Comparison of the percentages of volume occupied by the cells-derived from either the 
endocardial or the epicardial lineage revealed that the ringbundles are predominantly 
insulated by epicardium-derived cells whereas the AV bundle and bundle branches are 
largely insulated by endocardium-derived tissue. The dorsal surface of the AV node is 
covered with epicardial-derived cells, whereas its lateral and ventral surfaces are covered 
by endocardial-derived cells (Figure SI 3D PDF). Taken together, epicardium-derived cells 
are largely absent from the insulation of the central parts of the conduction system, which 
are covered with endocardium-derived mesenchyme.

Figure 1: Fstl1 expression surrounding the developing AV node
RNA in situ hybridization on adjacent sections of an embryonic day 12.5 (ED12.5) (A-E) and a neonatal day 1 (ND1) hearts (F-J) 
showing the expression of Fstl1 in the AV junction (B,G). Panel A and F show four chamber views of the embryonic and neonatal 
heart. The boxed area is shown in panels B-E and G-J, respectively. The myocardium is identified using a probe to cTnI (A,C,F), the 
connective tissue component using Col3a1 (D,I) the AV canal by Tbx3 in the ED12.5 heart (E). In the ND1 heart the AV node (AVN) 
encircled by the dotted line, is identified by the presence of Hcn4 (J) and absence of Cx40 (H) expression. Note the preferential 
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expression of Fstl1 in the connective tissue component of the embryonic heart like the epicardium (Epi) and endocardial cushions 
(EC) (B) as well as the preferential expression of Fstl1 (G) in the Col3a1 (I) enriched area surrounding the AV node (compare H 
and J).

Endocardium-specific deletion of Fstl1 results in abnormal AV conduction.
The electrophysiological phenotype resulting from complete disruption of Fstl1 is difficult 
to study due to many developmental defects and postnatal death due to respiratory failure  

[283 Sylva, M (2013)]. Therefore, to circumvent this problem we inactivated Fstl1 specifically 
in the lineages relevant for the AV conduction axis and its insulation, i.e. the endocardium-
derived cells and the myocardium (Figure 1). To inactivate Fstl1 in the endocardium and 
its derivatives we generated Tie2-cre;Fstl1fl/- (Fstl1-endoKO) mice. The Fstl1-endoKO mice 
were born in Mendelian ratios but died within 6 weeks after birth, most likely due to a 
lung defect  [135 Geng, Y (2011)], [177 Sylva, M (2011)] (Figure S2). To avoid secondary 
cardiac defects due to aberrant lung maturation or function, we analyzed the Fstl1-
endoKO mice at ND1. Fstl1-endoKO neonates displayed a prolongation of the PR interval 
of approximately 20% compared to control littermates. This PR prolongation is indicative of 
abnormal conduction through the AV node or bundle (Figure 3). To inactivate Fstl1 in the 
myocardium we generated Myh6-cre Fstl1fl/- (Fstl1-myoKO) mice. ECGs were recorded from 
Fstl1-myoKO at ND1, which displayed no abnormalities compared to littermate controls. 
These data show that Fstl1 expression in myocardium does not influence AV conduction 
and that disruption of Fstl1 expression in endocardium-derived cells is sufficient to hamper 
normal AV conduction.
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Figure 2: Contribution of the endocardial and epicardial lineage to the fibrous insulation 
Panels A, B, C and D, E, F show snapshots of quantitative 3D reconstructions of the fibrous tissue around the central conduction 
system of hearts in which contributions of the lineage of the endocardium and epicardium, respectively, were quantified and 
visualized. The contribution of the respective cell lineage is depicted using a color scale ranging from 0% (blue) to 100% (yellow). 
The orientation of panel A and D is a frontal view as depicted in G. Panels B and E are shown from the base towards the apex. The 
white line indicated in panels B and E shows the position of the saggital plane shown in panels C and F. Note the complementarily 
of the lineage tracings; in areas where there is a low percentage of endocardial lineage-derived cells (blue color) a high percentage 
of epicardial lineage-derived cells is found (red color), e.g. the surroundings of the AV node or the AV ring bundles. Supplemental 
Figure S1 contains interactive 3D-PDF files of these 3D reconstructions that allow independent exploration of the described 
patterns.
Panels I-M and N-R show a representative series of images of the quintuple immuno-fluorescent staining of the mice in which the 
endocardium and epicardium lineage was traced, respectively.
Abbreviations Right side (R); Left side (L); Right Atrium (RA); Left Atrium (LA); Right Ventricle (RV); Left Ventricle (LV) left and right 
AV ring (LAVR and RAVR), AV node (AVN), AV bundle (AVB), interventricular septum (IVS)
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Figure 3: Endocardial deletion of Fstl1 results in PR elongation
Neonatal day 1 mice were anesthetized with isoflurane and ECGs were recorded. Both endocardium and myocardium specific 
Fstl1 KO mice were analyzed, littermates were used as controls. Panel A shows the mean PR and RR interval. Typical examples of 
the ECGs are displayed in panel B. Note the significant PR and RR elongation, specifically in the Fstl1-endoKO mice. Error bars are 
standard error of the mean (SEM)

Fstl1 does not regulate AV node size or morphology
One of the known downstream effects of Fstl1 is the modulation of BMP signaling (reviewed 
in  [283 Sylva, M (2013)]), which is crucial for the development of the cardiac conduction 
system  [324 Ma, L (2005)], [43 Christoffels, VM (2010)]. We, therefore, investigated whether 
the central conduction system was affected in ND1 Fstl1-endoKO mice. To this end, the AV 
node, AV bundle and bundle branches were identified in serial sections using RNA ISH for 
Hcn4, Cx40 and cTnI. The hearts of three Fstl1-endoKO and three control littermates were 
reconstructed in 3D. The mutant hearts did not display overt morphological abnormalities 
(data not shown). The volume of both the AV node (Hcn4+ / Cx40-) and AV bundle and 
bundle branches (Hcn4+ / Cx40+) did not differ significantly between the Fstl1-endoKO and 
control littermates (Figure 6).

Fstl1 does not alter fibroblast or collagen content in the AV junction
Collagen alpha-1(III) chain (Col3a1) is expressed in all cells of the fibrous insulation, 
irrespective of their developmental origin. Therefore, the volume of Col3a1 expressing cells 
that surround the AV node and bundles can be considered a measure for the abundance 
of mesenchymal cells. To determine the expression of Col3a1, mRNA expression was 
visualized using ISH. No significant differences were found in the total volume of Col3a1-
positive cells surrounding the AV node and bundles of ND1 Fstl1-endoKO and control 
littermates (Figure 6).
Although the mesenchymal component is not different between control and Fstl1-endoKO 
mice, a difference in the amount of extracellular matrix deposition could underlie the 
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observed PR elongation. These extracellular matrix depositions were analyzed in an 
additional set of three hearts of Fstl1-endoKO and control littermates. Also in these hearts 
the central conduction system was identified by in situ hybridization using the same set 
of three probes as described above. The extracellular matrix deposition was visualized on 
adjacent sections that were stained for collagen using Picro Sirius Red. In these hearts the 
amount of collagen was quantified in the area surrounding the AV node and bundles. The 
amount of collagen deposition was found not to differ between Fstl1-endoKO and control 
littermates (Figure 6).

Endocardial Fstl1 is regulated by TGFβ via an enhancer in intron 2
TGFβ signaling is imperative for normal development of endocardium-derived tissue  [320 
Sanford, LP (1997)], and has also been implicated as a factor regulating Fstl1 expression 
(reviewed in  [283 Sylva, M (2013)]). Whether TGFβ induction of Fstl1 is operational in 
vivo and whether this interaction takes place in the developing heart is unknown. We 
therefore investigated whether TGFβ might regulate Fstl1 in the developing heart. Of all 
TGFβ ligands, loss of TGFβ2 has the most pronounced effect on the development of the 
endocardial-derived tissues (reviewed in  [316 Kruithof, BP (2012)]). Tgfβ2 KO embryos and 
WT littermates were harvested at ED12.5 and the level of Fstl1 expression was determined 
using qRT-PCR on AV canals and limb buds. Due to large variability in Fstl1 expression in AV 
canals of both WT and Tgfβ2 KO groups no significant difference was observed although a 
trend towards less Fstl1 expression in TGFβ2 mutants was found (data not shown). Given 
the importance of both TGFβ2 and Fstl1 in limb bud development and the overlap between 
limb bud and cardiac connective tissue development  [5 Lincoln, J (2006)],  the level of Fstl1 
expression was determined in both fore- and hind-limb buds, and found to be significantly 
lower in Tgfβ2 KO embryos as compared to wild type (WT) littermates (Figure 4).
To identify whether Fstl1 is directly or indirectly activated by TGFβ-mediated signaling, we 
performed an in vitro assay using mouse 3T3 fibroblasts. Stimulation of 3T3 fibroblasts 
with TGFβ2 induced the transcription of Fstl1 mRNA, as determined by qPCR (Figure 4). 
Addition of the protein synthesis inhibitor cycloheximide to the TGFβ2 stimulated 3T3 
cultures did not prevent the activation of Fstl1 by TGFβ2. These observations demonstrate 
that the activation of Fstl1 by TGFβ occurred in the absence of protein synthesis. Therefore, 
TGFβ is likely to activate transcription of Fstl1 directly.
To identify genomic regulatory elements conferring the TGFβ response, we set out to 
identify TGFβ-responsive elements in- and surrounding the Fstl1 gene. The occupancy sites 
of E1A binding protein p300 (P300) and RNA polymerase II (POL2) reveals the location of 
putative enhancers, [325 Shen, Y (2012)] whereas borders of a genomic locus have been 
shown to be marked by binding sites of CCCTC-binding factor (CTCF)  [326 Merkenschlager, 
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M (2013)]. Using published ChIP-seq data sets  [327 Stamatoyannopoulos, JA (2012)], 
the occupancy of these factors was analyzed in the Fstl1 gene locus. Two CTCF islands 
were found near the Fstl1 gene and this area was, therefore, considered to be the area 
containing the regulatory regions for Fstl1 (between the dotted lines in Figure 4). Within 
the CTCF-flanked area, five areas were identified based on the combined binding of P300 
and POL2 and were designated putative enhancers. The putative enhancers were cloned 
into a luciferase reporter vector upstream of a minimal promoter and tested for their 
capacity to stimulate expression and mediate induction by TGFβ2. Also the previously 
described proximal promoter of Fstl1  [108 Wu, Y (2010)] was evaluated. Although the 
proximal promoter of Fstl1 showed high basal transcriptional activity, increase of activity 
after stimulation with TGFβ2 was comparable to the empty minimal promoter vector. Only 
enhancer B induced luciferase activity almost 9-fold compared to the minimal promoter 
alone, and almost 38-fold when stimulated with TGFβ2. This analysis identifies enhancer 
B, positioned within intron 2, as a possible regulator of the TGFβ2-mediated expression of 
Fstl1.
To determine whether enhancer B is capable of regulating Fstl1 expression in vivo, the 
fragment was sub-cloned into the HSP68-LacZ vector  [323 Kothary, R (1989)] which was 
used to generate transgenic embryos. Four out of 10 transgenic E12.5 embryos revealed 
detectable cardiac LacZ activity. In all four hearts, expression was located in the cushions 
of the OFT and AV canal (Figure 5). Sectioning of these embryos revealed that enhancer B 
drove gene expression in cardiac connective tissue, primarily in the AV cushions and OFT 
mesenchyme, as well as in the arterial system, lung buds, body wall and diaphragm. This 
pattern of expression matches parts of the endogenous Fstl1 expression pattern (Figure 5).
As TGFβ signals can be effectuated by various signaling pathways, including those 
mediated by SMAD3, we queried a published ChIP-Seq dataset  [328 Mullen, AC (2011)] 
to determine whether SMAD3 binding DNA elements were present in or surrounding the 
Fstl1 gene. Only one SMAD3 ChIP Seq peak was found in the Fstl1 gene. Testing deletion 
constructs of enhancer B (Figure 5) revealed that the TGFβ2 responsive element of 300bp 
localized exactly to the fragment identified by the SMAD3 ChIP-Seq. Taken together these 
observations indicate that enhancer B not only confers expression of Fstl1 to the connective 
tissue of the heart but also the response of Fstl1 to TGFβ2 via canonical SMAD signaling.
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Figure 4: Fstl1 expression is regulated by TGFβ2
Panel A shows the change in the Fstl1 expression in response to TGFβ2 stimulation of 3T3 cells with and without cycloheximide 
(CHI) pre-treatment. The control, which was not stimulated with TGFβ2, was set to 100%. Induction can still be observed after 
inhibition of protein synthesis by cycloheximide, pointing to a direct effect. Panel B shows the expression of Fstl1 in limb buds of 
both wild type (WT) and TGFβ2 KO mice. Note the decrease of Fstl1 in both fore- and hind-limbs of the Tgfβ2 KO mice compared to 
wild type littermates. Panel C shows a graphical representation of ChipSeq data of CTCF, P300 and RNA POL2 transcription factor 
binding sites in the Fstl1 gene Putative enhancers were designated A-E, and the basal promoter is indicated with P. Enhancers 
were selected on the basis of being in between the two CTCF islands and showing a peak for both POL2 and P300. The putative 
enhancers were cloned in a vector containing a minimal promoter and luciferase and tested in transient transfection assays in 
HepG2 cells. Panel D shows the activity of the putative enhancers and their response to TGFβ2 stimulation. The effect of the 
unstimulated minimal promoter is set to 1. All enhancers were significantly stimulated with TGFβ2. Enhancer B showed the 
strongest activation of the minimal promoter and the strongest increase upon TGFβ2 stimulation. Error bars are standard error 

of the mean (SEM) 
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Figure 5: In vivo activity of the Fstl1 TGFβ responsive enhancer recapitulates parts of the endogenous Fstl1 expression 
pattern
F0 screen of the in vivo effect of enhancer B, sub-cloned into the HSP68-LacZ, on the Fstl1 expression. Panels A-F show transverse 
sections through two of the ED12.5 embryos in which LacZ expression is shown in blue and all nuclei are counterstained with 
“Kernecht Rot”. PanelsG-L are transverse sections of wild type mice in which the expression pattern of Fstl1 (G-I) and Col3a1 
(J-L) mRNA is visualized by in situ hybridization. Note the similar expression patterns of LacZ and Fstl1 in the OFT cushions, AV 
Cushions, diaphragm, body wall, and dorsal aorta, but not in the epicardium. Panels M and N show whole mount photos of 
the two sectioned LacZ mice. Panel O shows the in vitro characterization of enhancer B with respect to its ability to respond to 
TGFb2. The fold induction by TGFβ2 is shown, with the TGFβ2 effect on the empty vector being set to 1. Note that only constructs 
including the first 300 bp of enhancer B, which exactly overlaps with the SMAD3 Chip Seq peak, is able to confer the induction by 
TGFβ2. Error bars are standard error of the mean (SEM).



Endocardium-dErivEd Fstl1 rEgulatEs av conduction134

Figure 6 Deletion of Fstl1 in the endocardium does not result in altered morphology 
Volumetry of the AV node and AV bundle of wild type (WT) and endocardium specific Fstl1 KO (Fstl1-endoKO) mice showed no 
difference in either structure (panel A). Determining the amount of fibroblasts and collagen that surround the central conduction 
system did not reveal any significant differences. The fibroblasts are visualized using a Col3a1 probe in situ hybridization and the 
collagen deposit using a Pico Sirus Red staining (panel B). Error bars are standard error of the mean (SEM).

Figure S1: 3D-PDF
For descriptions read the 3D PDF file.

Figure S2: Endocardium specific Fstl1 KO mice die within weeks after birth
Panel A shows the survival curve of endocardial-specific Fstl1 KO mice (Fstl1-endoKO). At 7 days of age Mendelian ratios of Fstl1-
endoKO mice are found, at 21 days of age, at weaning, half of the Fstl1-endoKO mice have died and the remaining survivors die 
within following 3 weeks. Panels B-E show haematoxylin azophloxine stained sections of ND 21 lungs. Note the decrease in air 
space density and the thickened alveolar membranes in the KO lungs.
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Discussion

Our data reveal a new role of Fstl1 in the function of the cardiac conduction system, 
demonstrating that Fstl1 expression in the endocardium-derived insulation is involved in 
the regulation of the AV delay. The significance of this study is two-fold. We demonstrate 
(1) that, without affecting the morphology or size of the connective tissue compartment, 
endocardially produced Fstl1 affects conduction in the AV junction, and (2) that Fstl1 
expression in this compartment itself is regulated via an intronic enhancer, which is 
responsive to the connective tissue master regulator TGFβ2.

The fibrous insulation of the cardiac conduction system signals to the 
myocardium
In the adult heart, the AV node and AV bundle are located in connective tissue that separates 
the atrial and ventricular myocardium  [329 Tawara, S (1906)]. The connective tissue layer 
is widely accepted to function as an insulation. Indeed defects in this layer are thought 
to cause spurious electrical conduction such as in the Wolff Parkinson White syndrome 
(for a historical overview  [330 Boukens, BJ (2013)]). Experimentally induced defects in 
outgrowth of the epicardial precursors of the connective tissue of the annulus fibrosus 
were shown to result in conduction abnormalities  [74 Kolditz, DP (2008)]. However, it has 
recently been demonstrated that abnormalities of the fibrous insulation coincide with the 
presence of abnormally fast conducting bundles in the AV connection  [76 Aanhaanen, WT 
(2011)], [77 Rentschler, S (2011)]. This suggests that it is not the presence of the insulating 
connective tissue layer alone that is important for a proper AV delay, but also the presence 
of slow conducting AV canal myocardium. The latter is supported by the presence of a 
normal AV delay in the absence of an insulating connective tissue layer in hearts of cold 
blooded vertebrates and embryos of birds and mammals  [54 Jensen, B (2012)]. Thus, 
based on these data, the role of the connective tissue layer in AV conduction can be 
questioned. Our data show, that in addition to its perceived role as physical separator, the 
insulating connective tissue layer is able to signal to the myocardium and as such affects 
AV conduction.
Previous studies established that both endocardium- and epicardium-derived cells 
contribute to the fibrous insulation of the heart  [72 de Lange, FJ (2004)], [331 Zhou, 
B (2008)], [332 Lincoln, J (2004)]. However, the precise contributions of these two 
populations have never been assessed. We show that the distinct compartments of the 
central conduction axis are surrounded by either epicardial or endocardial lineages. We 
observed that endocardium-derived connective tissue primarily insulates the AV node and 
bundle. This part of the insulating AV plane largely corresponds to the central fibrous body 
or fibrous continuity  [332 Lincoln, J (2004)]. On the other hand, the epicardium-derived 
cells of the fibrous tissue of the AV junction corresponds to the annulus fibrosus. Our data 
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revealed that deletion of Fstl1, specifically in the endocardium-derived component of the 
insulating plane causes slow conduction. The myocardial AV node to AV bundle connection 
is located within the central fibrous body, which therefore is in close contact with the 
AV conduction axis. Therefore, our data imply that Fstl1 signaling from endocardium-
derived connective tissue to the adjacent myocardium causes a functional change in the 
AV conduction axis.

The mechanism underlying conduction slowing in the AV junction
The size and morphology of the connective tissue components insulating the cardiac 
conduction system in Fstl1-endoKO mice and controls did not correlate with the observed 
PR elongation. Although minimal changes that remained unnoticed cannot be ruled out, 
an alternative mechanism is more likely to explain the observed changes in conduction. 
In neurons, Fstl1 activates the Na/K-ATPase ion pump via a protein-protein interaction 
with its α1 subunit [155 Li, KC (2011)]. The absence of Fstl1 thus reduces the Na/K-ATPase 
activity, which is also expressed in the heart  [333 Berry, RG (2007)]. Patients receiving the 
Na/K-ATPase inhibitor, digoxin, are known to suffer from AV prolongation and AV block  

[334 TILIAKOS, M (1953)]. This is in line with the AV delay prolongation that we observe in 
the Fstl1-endoKO mice. Also, sinus node slowing is observed upon inhibition of the Na/K-
ATPase by digoxin  [334 TILIAKOS, M (1953)]. Interestingly, this is exactly what we observed 
in Fstl1-endoKO mice (Figure 3). Therefore, we speculate that endocardially secreted Fstl1 
may slow down AV conduction by inhibiting the Na/K-ATPase ion pump.

Endocardial Fstl1 expression is regulated by a TGFβ responsive intronic 
enhancer
Many different regulators of Fstl1 have been described, [283 Sylva, M (2013)] ranging from 
hormones to cytokines and viral oncogenes. How these different factors regulate Fstl1 is 
largely unknown. By identifying the regulatory DNA elements and the factors that activate 
them, the upstream direct and indirect regulators of Fstl1 can be identified. As yet, in 
vivo regulatory DNA elements of Fstl1 have not been identified. Here we identified an 
enhancer recapitulating the endocardial cardiac expression of Fstl1 in vivo. Interestingly, 
this enhancer also drove gene expression in other tissues in which Fstl1 is expressed, such 
as the cardiac neural crest, whereas no activity was found in the epicardium-derived cells. 
Further dissection revealed an element harboring a SMAD3 binding site, which confers the 
TGFβ response. The notion that Fstl1 is regulated by canonical TGFβ signaling is in line with 
the observation that Fstl1 expression can be induced by TGFβ2 in the absence of protein 
synthesis.
TGFβ signaling is crucial for normal formation of cardiac connective tissue, as it regulates 
the formation of mesenchyme as well as the expression of different extracellular matrix 
molecules (reviewed in  [316 Kruithof, BP (2012)]). TGFβ signaling also plays an important 
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Abstract
Rationale: In patients with Brugada syndrome, arrhythmias typically originate in the right ventricular outflow 

tract (RVOT). The RVOT develops from the slowly conducting embryonic outflow tract.

Objective: We hypothesize that this embryonic phenotype is maintained in the fetal and adult RVOT and leads to 

conduction slowing, especially after sodium current reduction. 

Methods and Results: We determined expression patterns in the embryonic myocardium, and performed activa-

tion mapping in fetal and adult hearts, including hearts from adult mice heterozygous for a mutation associated 

with Brugada syndrome (Scn5a1798insD/+). The embryonic RVOT was characterized by expression of Tbx2, a 

repressor of differentiation, and absence of expression of both Hey2, a ventricular transcription factor, and Gja1, 

encoding the principal gap-junction subunit for ventricular fast conduction. Also, conduction velocity was lower 

in the RVOT than in the right ventricular free wall. Later in development, Gja1 and Scn5a expression remained 

lower in the subepicardial myocardium of the RVOT than in RV myocardium. Nevertheless, conduction velocity 

in the adult RVOT was similar to that of the right ventricular free wall. However, in hearts of Scn5a1798insD/+ 

mice and in normal hearts treated with ajmaline, conduction was slower in the RVOT than in the right ventricu-

lar wall. 

Conclusions: The slowly conducting embryonic phenotype is maintained in the fetal and adult RVOT, and is 

unmasked when cardiac sodium channel function is reduced.



Reduced sodium channel function unmasks Residual embRyonic slow conduction 
in the adult Right ventRiculaR outflow tRact

140

role in cardiac remodeling in both pressure overload as well as ischemia models of 
cardiac injury (reviewed by  [335 Goumans, MJ (2008)], [336 Dobaczewski, M (2011)]). 
TGFβ activates a pro-fibrotic program involving the upregulation of extracellular matrix 
proteins and myofibroblast differentiation in a SMAD3-dependent manner (reviewed by  

[336 Dobaczewski, M (2011)]). The latter points to Fstl1 as a candidate mediator for TGFβ 
signaling. However, in contrast to the profibrotic TGFβ response, Fstl1 is observed to have 
an overall protective role in different models of myocardial stress, either by stimulating 
neo-vascularization in infarcted areas or by protecting cardiomyocytes from apoptosis in 
trans-aortic constriction (TAC) induced cardiomyopathy.  [174 Shimano, M (2011)], [165 
Ogura, Y (2012)], [167 Oshima, Y (2008)], [157 Liu, S (2010)], [156 Liu, S (2006)], [168 Ouchi, 
N (2010)].
In addition to structural remodeling, also electrical remodeling occurs after myocardial 
stress. Electrical remodeling encompasses the change in conduction and excitation-
contraction coupling of cardiomyocytes, which is thought to cause arrhythmias in 
post injury hearts (reviewed by  [337 Cutler, MJ (2011)]). Changes in ion currents and 
concentrations lie at the basis of the electrical remodeling in heart failure  [338 Coronel, R 
(2013)]. Interestingly, TGFβ1 stimulation of isolated cardiomyocytes results in changes in 
ion currents (reviewed by  [339 Ramos-Mondragon, R (2008)]). We hypothesize that TGFβ 
might influence electrical remodeling in the post injured heart via activation of Fstl1 which 
in turn effects conduction, possibly via activation of the Na/K-ATPase.
We have demonstrated a novel signaling role for the endocardium-derived connective 
tissue, which via the TGFβ regulated expression of Fstl1 influences AV conduction.
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Introduction

The right ventricular outflow tract (RVOT) is the main origin of arrhythmias in the Brugada 
syndrome. [340 Morita, H (2003)] The mechanism underlying arrhythmias in Brugada 
syndrome is debated but most likely involves conduction delay or block in the presence 
of subtle structural discontinuities. [341 Coronel, R (2005)] This arrhythmogenic substrate 
is modulated by variations or mutations in ion channels and other genes. [342 Berne, P 
(2012)] The electrocardiographic signs and arrhythmias often only become evident after 
application of sodium channel blockers. [343 Bayes de, LA (2012)] Why arrhythmias in 
patients with Brugada syndrome preferentially originate in the RVOT is unclear.
During development, the RVOT forms from the embryonic outflow tract. [22 De la Cruz, MV 
(1977)] The embryonic outflow tract is a slowly conducting structure with low expression 
levels of connexin43 (Cx43), Cx40, and of the cardiac sodium channel protein alpha subunit 
(Scn5a). [28 Moorman, AFM (2003)], [44 de Jong F. (1992)] Low expression of Scn5a and/
or Cx43 reduce the safety of propagation, also known as conduction reserve, and increase 
the susceptibility for arrhythmias. [344 van Rijen, HVM (2004)] We hypothesize that the 
adult RVOT myocardium retains aspects of this embryonic outflow tract phenotype and 
that these embryonic aspects contribute to lower conduction reserve in the RVOT.
We investigated the expression pattern of genes associated with the embryonic outflow 
tract phenotype and with conduction in the mouse RVOT, in relation to conduction velocity, 
during development and in the adult heart. Furthermore, we investigated the functional 
consequences of reduced sodium current on RVOT conduction by pharmacological sodium 
channel blockade and in a mouse model with a human cardiac sodium channel mutation 
associated with the Brugada syndrome.
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Methods

Transgenic mice
The investigation conforms to the Guide for the Care and Use of Laboratory Animals 
published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996) 
or the European Commission Directive 2010/63/EU and was approved by the institutional 
review board. Tbx2cre transgenic mice and Scn5a1798insD/+ mice have been described 
previously. [18 Aanhaanen, WT (2009)], [345 Remme, CA (2009)] In this study we used 
three E14.5 and E17.5 and adult FVB/N wildtype mice. Furthermore, we used five E14.5 
Tbx2cre/cre mice and five littermate controls, and five adult Scn5a1798insD/+ (129P2-OlaHsd 
strain) mice and three littermate controls.

Immunohistochemistry and in situ hybridization
Mice were stunned by inhalation of CO and killed by cervical dislocation, after which the 
adult heart or the embryos were collected. The adult heart or and whole embryos were 
fixed in 4% PBS buffered formaldehyde, embedded in paraplast® and sectioned at 7-8 
μm for immunohistochemistry and at 10-14 μm for RNA in situ hybridization. RNA In situ  
hybridization was performed according to a previously described method. [346 Moorman, 
AFM (2001)] Probes for selected genes have been described previously. [18 Aanhaanen, WT 
(2009)] For immunohistochemistry, rehydration, unmasking, blocking and washing steps 
were performed according to the protocol of the tetramethylrhodamide based amplification 
kit (Perkin Elmer). Primary antibodies used for mouse sections were: cTnI rabbit polyclonal 
(1:250; Hytest Ltd); Tbx3 goat polyclonal (1:500; Santa Cruz Biotechnology); Cx40 mouse 
monoclonal (1:250; US Biological); Cx43 mouse monoclonal (1:250; BD Transduction). 
Secondary antibodies when using amplification were: Biotinylated donkey-anti-goat 
(1:250; Jackson Immunology); biotinylated goat-anti-rabbit (1:250; DAKO); biotinylated 
goat-anti-mouse (1:250; DAKO). For visualization without the amplification step, secondary 
antibodies coupled to an Alexa fluorescent (1:250; Invitrogen) were used.

Western blot
Using a Ultraturrex, protein extracts were made in a RIPA buffer (50mM Tris-HCl pH8, 
150mM NaCl, 1% NP-40, 0.2% sodium deoxycholate,0.1% SDS containing 1mM NaVO3, 
1mM DTT, 1mM PMSF) in the presence of a protease inhibitor cocktail tablet (Roche 
Complete mini 11836170001). Protein concentrations were determined using the Protein 
Assay Reagent BCA kit (Thermo Scientific 23227) using their specified protocol.
Laemmli sample buffer (for 5x concentrated 0.3 M Tris-HCl pH 6.8, 10% SDS, 50% glycerol, 
25% 2-mercaptoethanol, 0.02% bromphenol blue) was added to the protein lysates and 
the samples were heated to 95oC for 5 min, then chilled on ice and briefly centrifuged. 
For Cx43 and Nav1.5 westernblots 2 and 20 μg of protein samples were loaded on a 10% 
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and 6% acrylamide denaturizing gel, respectively. After electrophoresis the proteins were 
transferred to Immobilon-PSQ transfer membrane (Milipore ISEQ09120) using a trans-blot 
semi dry transfer cell (Biorad 170-3940) machine. The membranes were then sliced in two 
parts, one part for the Cx43 or Nav1.5, the other part for the loading control Calnexin.
The membranes were washed with TBST buffer (Tris 50mM NaCl150mM 0.1% Tween) and 
blocked with TBST containing 2.5% milk powder (Protifar Pus Interpharm 634) for 1 hour 
at room temperature. Primary antibodies were diluted in blocking buffer in the following 
concentrations: α-Calnexin(VWR 208880) 1:5000, α-Cx43(Milipore AB1727) 1:1000, 
α-NAV1.5(Sigma-Aldrich S0819) 1:500. Membranes were incubated with the primary 
antibodies over night at 4oC. Secondary antibody anti Rabbit HRP(GE Healthcare Life 
Sciences NA9340) was diluted 1:2500 in blocking buffer and incubated for 2 hours at room 
temperature. The blots were then visualized using the chemiluminecent ECL-PLUS western 
blot reagens (Amersham RPN2132) and a ImageQuant LAS 4000 biomolecular imager 
analyzer. For quantification of the western blot bands the AIDA (raytest Isotopenmeßgeräte 
GmBh v4.26.038) image analyzer program was used.

Preparation of the hearts and recording of optical action potentials

Adult hearts
Mice were stunned by inhalation of CO and killed by cervical dislocation, after which the 
heart was excised, cannulated, mounted on a Langendorff perfusion set-up, and perfused 
at 37°C with Tyrode’s solution ((in mmol/L) 128 NaCl, 4.7 KCl, 1.45 CaCl2, 0.6 MgCl2, 27 
NaHCO3, 0.4 NaH2PO4, and 11 glucose (pH maintained at 7.4 by equilibration with a mixture 
of 95% O2 and 5% CO2)). The hearts were placed in 10 ml Tyrode’s solution containing 
15 μM Di-4 ANEPPS and subsequently in an optical mapping setup. Excitation light was 
provided by a 5 Watt power LED (filtered 510 +/- 20 nm). Fluorescence (filtered > 610 nm) 
was transmitted through a tandem lens system on CMOS sensor (100 x 100 elements, 
MICAM Ultima). Activation patterns were measured during sinus rhythm and ventricular 
pacing at a basic cycle length of 120 ms (twice the diastolic stimulation threshold). We 
defined transverse fiber direction by the slowest conduction velocity. Conduction was 
slowed by perfusion with 2 µM Ajmaline (Giluritmal®, Carinopharm). Conduction velocity 
was measured after 8 min administration of Ajmaline.

Fetal hearts
The hearts where removed from the fetus and incubated for 5 minutes with Tyrode’s solution 
containing 5 μM Di-4 ANEPPS at 37 oC. After incubation, fetal hearts were superfused with 
Tyrode’s solution and placed on the stage of an inverted microscope set-up for recording 
optical signals. The size of the adult heart and the intrinsic heterogeneity of the outflow 
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tract myocardium did not allow measurement of conduction velocity following central 
stimulation. Therefore, we analyzed isochronal patterns during sinus rhythm instead.

Quantitative PCR
RNA was isolated from dissected hearts using the NucleoSpin® RNA II (Marchery Nagel 
Cat:740955.50). From 1 μg of RNA, single stranded cDNA was made using SuperScript™ 
II Reverse Transcriptase (Invitrogen Cat: 18064-071) with Oligo(dT) primers, according to 
manufacture’s protocol. Quantitative PCR (qPCR) was performed using the LightCycler® 480 
(Roche) and the LightCycler® 480 SYBR Green I Master solution (Roche Cat: 04887352001). 
Primer sequences for the gene products Scn5a, Cx43, Tnni3 and Hprt are available on 
request. qPCR data was analyzed using LinRegPCR program. [279 Ruijter, JM (2012)]

Analysis and Statistics
Optical action potentials were analyzed using custom-made software based on MATLAB 
R2006b (MathsWorks Inc., Natick, MA). [347 Potse, M (2002)] The local moment of 
activation was defined as the maximum positive dV/dt of the action potential. Group 
comparisons were performed using (repeated) ANOVA after, if necessary, factor correction. 
Values are given as mean +/- SEM. A P-value of 0.05 was considered statistically significant.
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Results and Discussion

The working myocardial gene program in the RVOT is established just 
before birth
The embryonic outflow tract is a slowly conducting structure marked by the expression of 
Tbx2, and absence of Gja1 and Hey2 (hairy/enhancer-of-split related with YRPW motif 2). 

[348 Fischer, A (2003)], [28 Moorman, AFM (2003)] To investigate whether this embryonic 
signature is maintained in the RVOT, we investigated the expression patterns of these 
markers in the early fetal (E14.5) and late fetal (E17.5) mouse hearts by in situ hybridization. 
At E14.5, the expression of Gja1 was absent from the RVOT myocardium but present in the 
right ventricle (Figure 1). This pattern was similar to that of Hey2. The expression of Tbx2 
was maintained in the RVOT, in a pattern complementary to Gja1 and Hey2 (arrows in 
Figure 1A). At stage E17.5, Gja1 and Hey2 were still absent from the RVOT region that had 
relatively decreased in size compared to the ventricle. In contrast to stage E14.5, however, 
the expression of Tbx2 was absent from the RVOT myocardium marked by Tnni3 (Figure 
1B). Scn5a, unlike Gja1, was already expressed in the outflow tract at E12.5 (Online Figure 
IA) and remained expressed in the RVOT throughout later stages. These data indicate that 
the fetal RVOT, at least in part, retains the signature of the embryonic outflow tract. The 
absence of Tbx2 expression just before birth (E17.5) suggests that the myocardium in the 
RVOT has acquired aspects of the ventricular working myocardial phenotype.
In the adult heart, the expression of Gja1 was lower in the subepicardial region of the 
RVOT myocardium compared to the right or left ventricular myocardium (Figure 1C and 
Online Figure IB), and the expression of Tbx2 and Hey2 was absent from the ventricular 
myocardium, resembling stage E17.5. We measured Gja1 and Scn5a mRNA levels by 
quantitative RT-PCR in the entire adult RVOT. For this purpose, the RVOT was defined 
as the smooth walled myocardium located at the base of the right ventricle below the 
pulmonary valves (Figure 2A). Tnni3 was used as a marker of myocardial tissue and was 
not quantitatively different between the RVOT and the right and left ventricle (data 
not shown). The expression levels of both Gja1 and Scn5a were significantly lower 
in the RVOT than in the RV and LV, but not between LV and RV (Figure 2B/C). Next we 
measured the protein levels of CX43 and NAV1.5 by Western blot, and found that they 
were lower in the RVOT than in the RV (Figure 2D/E). These data demonstrate that, 
also in the adult RVOT, aspects of the embryonic program are maintained. The samples 
likely contained a mixture of both the subendo- and subepicardium of the RVOT and 
therefore the quantifications probably represents an underestimation of the differences.
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Figure 1.
In the fetal heart the RVOT is composed of slowly conducting myocardium. Panel A and B show in-situ hybridizations in E14.5 (A), 
E17.5 (B) and adult (C) wildtype hearts of expression of Tnni3, Gja1, Tbx2 and Hey2 in the right ventricle and RVOT (n=3 for all 
stages). Note that Gja1 expression is not present in the RVOT. The black bar indicates 0.1 mm. TP, truncus pulmonalis; RV, right 
ventricle, RVOT, right ventricular outflow tract; VS, ventricular septum; AO, aorta.
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 Figure 2.
The expression of Gja1 and Scn5a is low in the RVOT. Panel A illustrates the part of the heart that was defined as RVOT. The bar 
graphs in panel B and C show respectively the expression levels (qPCR, corrected for Hprt and Tnni3) of Gja1 and Scn5a in the 
RVOT and right and left ventricle (N=5). Panel D and E show the protein levels of CX43 (n=6) and NAV1.5 (n=3) in the RVOT and 

right and left ventricle. Calnexin was used as a loading control. Abbreviations as in figure 1

Slow conduction in the fetal OFT
In the fetal heart (E14.5), conduction was slower in RVOT than in the RV (Figure 3), 
consistent with the absence of Gja1 in the RVOT. Because Tbx2 represses non-working 
myocardium genes including Gja1  [349 Hoogaars, WMH (2007)], we studied hearts from 
homozygous Tbx2 mutant mice. The RVOT of these mice was normal and Gja1 expression 
was not different from wild type mice (Figure 3A). Furthermore, conduction in the RVOT of 
wild-type mice and Tbx2 mutants was not different (Figure 3B). These data imply that RVOT 
conduction characteristics are not regulated by Tbx2. Tbx3, the related transcriptional 
regulator and functional homologue of Tbx2, is not likely to compensate for loss of Tbx2, 
as it is not expressed in the myocardial component of the outflow tract or RVOT during 
development or in the adult (Online Figure IB). [349 Hoogaars, WMH (2007)]
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Figure 3.
Panel A shows in-situ hybridizations of E14.5 Tbx2cre/cre heart showing the expression of Tnni3, Gja1 and cre in the right ventricle 
and RVOT (n=3). Panel B shows a reconstructed activation pattern of the right ventricle and the RVOT in an E14.5 wildtype heart. 
The straight lines connect the two pairs of pixels that were used for the calculation of conduction velocity. The bar graph in panel 
C shows the average conduction velocity in the right ventricle and RVOT. Panel D shows the activation patterns during stimulation 
at a site in the LV, RV and RVOT in the adult heart. The bar graph in panel E shows the average longitudinal and transversal 
conduction velocity in the adult right and left ventricle and the RVOT (n=3). In the RVOT longitudinal conduction velocity could 
not be measured. Abbreviations as in figure 1. 

Slow conduction is not maintained in the adult RVOT
The transversal conduction velocity recorded following pacing in the adult RVOT was not 
slower than in the right or left ventricle (Figure 3D/E). We did not quantify longitudinal 
conduction velocity in the RVOT because the typically anisotropic activation pattern 
following stimulation was not present. We argued that lower levels of GJA1 and NAV1.5 in 
the RVOT would not lead to conduction slowing because the safety for conduction is very 
high due to the non-linear relation between electrical coupling and conduction velocity, 
consistent with the observation that in healthy humans no arrhythmias originate in the RVOT. 

[350 Jongsma, HJ (2000)], [351 Van Rijen, HV (2004)], [352 Hoffman, BF (1957)] However, 
we hypothesized that an additional reduction of sodium current would be required to lead 
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to further reduction in safety of conduction and thereby unmask the intrinsic regional 
difference in conduction reserve. For that reason, we measured conduction velocity in 
the RVOT and RV before and after administration of the sodium channel blocker ajmaline 
(Figure 4A). Ajmaline reduced the transversal conduction velocity more in the RVOT than 
in the in the RV (Figure 4B/C).

Figure 4.
Conduction velocity is slowed more in the RVOT than in the RV after reduction of the sodium current. Panel A/D show 
reconstructed activation patterns of the RV (right) and RVOT (left) during central stimulation in wildtype hearts before and after 
administration of ajmaline (A) or in wildtype and Scn5a1798insD/+ hearts (D). Panel B/E show the transversal conduction velocity 
in the RV and RVOT in the absence and presence ajmaline (B) or in wildtype and Scn5a1798insD/+ mice (E). Panel C/F shows the 
difference between conduction velocity in the right ventricle and RVOT in the presence and absence of ajmaline (C) or in wildtype 
and Scn5a1798insD/+ mice (F). Abbreviations as in figure 1.

Sodium channel dysfunction results in conduction slowing in the RVOT
We then measured ventricular conduction in mice with a 1798InsD mutation in Scn5a, 
the mouse equivalent of the human 1795InsD mutation found in patients with Brugada 
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syndrome. [353 Remme, CA (2006)] During sinus rhythm, crowding of isochrones indicated 
that conduction was delayed in the right ventricle and RVOT of Scn5a1798insD/+ mice compared 
to wildtype litter mates (Online Figure II). We subsequently measured conduction velocity 
following stimulation from the RV and RVOT. In Scn5a1798insD/+ mice, conduction velocity was 
lower in both the RV and RVOT than in wild type mice (Figure 4D). Conduction slowing 
was significantly more pronounced in the RVOT than in the RV of Scn5a1798insD/+ mice 
(Figure 4E/F). Thus, reduced sodium channel function unmasked slow conduction in the 
adult RVOT, indicating maintenance of the embryonic gene program responsible for slow 
conduction.
We have recently proposed a unifying mechanism for arrhythmogenesis in Brugada 
syndrome patients [341 Coronel, R (2005)] involving subtle structural discontinuities in 
the RVOT myocardium. This hypothesis does not offer an explanation for the preferential 
location of these abnormalities in the RVOT since these structural abnormalities and a 
mutation are also present in the LV and RV. [354 Hoogendijk, MG (2010)] Our data indicate 
that in the RVOT the expression of Gja1 and Scn5a is persistently lower than in the RV which 
offers an explanation for the preference of conduction delays or block in the RVOT, and 
not the RV, of Brugada syndrome patients, especially after pharmacological or genetically 
reduced sodium channel function.

Limitations
In this study we used mouse hearts which are electrophysiologically different from human 
hearts. This may complicate extrapolation from our findings in mice to man. Furthermore, 
we determined changes in transcript and protein abundance which do not predict with 
certainty whether there will be changes in the presence of functional channels. However, 
our functional data support the notion that differences in expression between the RVOT 
and the RV underlies the electrophysiological differences between these components. 
An genetic rescue experiment in order to remove the electrophysiological differences 
between the RVOT and RV could further support our hypothesis. 

Conclusion
We demonstrate that the Tbx2-positive, Gja1-negative myocardial gene program and the 
slow conducting phenotype of the embryonic outflow tract myocardium are maintained in 
the RVOT until birth. In the adult heart, lower expression levels of Gja1 and Scn5a are still 
observed in the RVOT. We demonstrate that this is associated with less conduction reserve 
in the RVOT than in the right ventricle, resulting in more pronounced conduction slowing 
in the RVOT than in the right ventricle when sodium current is decreased. Our data provide 
an explanation why conduction delay occurs preferentially in the RVOT, as is observed in 
patients with Brugada syndrome. [341 Coronel, R (2005)]



Chapter 7 151



Reduced sodium channel function unmasks Residual embRyonic slow conduction 
in the adult Right ventRiculaR outflow tRact

152152

Sources of funding

This work was supported by grants from the Netherlands Heart Foundation (2008B062 
to V.M.C. and R.C.); the European Community’s Seventh Framework Programme contract 
(‘CardioGeNet’ 223463 to V.M.C.); C.R. Bezzina is supported by an Established Investigator 
Grant from the Netherlands Heart Foundation (NHS 2005T025). C.A. Remme is supported 
by the Division for Earth and Life Sciences (ALW; project 836.09.003) with financial aid from 
the Netherlands Organization for Scientific Research (NWO).

Figure S1

Online Figure I.
Panel A shows an immuno-staining for CTNI (right) and NAV1.5 (left) in the OFT at E12.5. Panel B shows at the right in situ 
hybridizations for Tnni3 and Tbx3 and at the left an immuno-staining for TBX3, CTNI and nuclei. Abbreviations as in figure 1.
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Figure S2

Online Figure II.
Panel A shows a reconstructed activation pattern during sinus rhythm in the hearts of a wildtype (upper panel) and Scn5a1798insD/+ 

(lower panel) mouse. Abbreviations as in figure 1.
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Summary

Even though for many years the molecular mechanisms underlying cardiac development 
have been studied, the majority of cardiac defects remain unexplained. Defects in the 
cardiac connective tissue component result in a large proportion of heart defects such 
as valve and septal defects. Previous studies suggested a role for the gene Follistatin-like 
1 (Fstl1) in the development of the connective tissue component of the heart based on 
unbiased genome-wide analysess and its expression pattern in the heart  [3 Lombardi, MP 
(2003)], [4 van den Berg, G (2007)].
To better understand the molecular mechanismes underlying the development of the 
heart we decided to study the function of Fstl1. It is important to note that in addition 
to the expression in the heart, Fstl1 also is expressed in many other tissues including the 
developing skeleton, analysis of which may shed light on its role in the development of the 
heart.
To investigate the role of Fstl1 during mouse development we created Fstl1 knockout mice 
and conditional knockout mice. We demonstrated that Fstl1 knockout mice die at birth 
from respiratory distress and show multiple defects in lung development. We also found 
that skeletal development is affected. Endochondral bone development, limb patterning 
as well as patterning of the axial skeleton are perturbed in the absence of Fstl1. We then 
investigated whether patients with skeletal defects, similar to the defects found in Fstl1 
knockout mice, have a causal mutation in the FSTL1 gene. Albeit no mutations were found, 
we discuss that other diseases remain candidates for Fstl1 screening.
In addition to the defects in endochondral bone development we also report the presence 
of defects in the developing tendons in the forelimbs of Fstl1 knockout mice. We show 
that Fstl1 functions in tendon development in parallel to the already known TGFβ-scleraxis 
pathway. In an effort to identify the molecular mechanism of function of Fstl1 a DeepSAGE 
analysis was performed, based on which we propose a number of new candidate genes 
regulated by Fstl1.
To study the role of Fstl1 in the development of the connective tissue surrounding the 
atrioventricular conduction axis we demonstrated that endocardium-derived connective 
tissue is the primary source for the insulation of the central conduction system. Deletion 
of Fstl1 from this endocardium-derived connective tissue resulted in delayed atrio-
ventricular conduction. Histology and morphometry of the atrioventricular conduction 
system and its insulation, however, did not show differences compared to wild type mice 
and, thus, do not underlie the observed conduction delay. As a first attempt to get insight 
into the transcriptional regulatory mechanism of Fstl1 in the endocardium, we generated 
transgenic mice and identified a regulatory DNA element within the Fstl1 gene that drives 
expression in endocardium-derived cells. We demonstrated that this element is responsive 
to the connective tissue master regulator TGFβ.

SuMMARy
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Finally, we demonstrated how persistence of a pattern of embryonic expression of ion 
channels renders the right ventricular outflow tract vulnerable to the occurrence of 
arrhythmias, partly explaining the preferential occurrence of arrhythmias in this area as 
seen in Brugada syndrome patients.
Taken together, we studied the role of Fstl1 in the development of the heart, skeletal and 
tendinous system. By deletion of Fstl1 in these tissues we found that normal expression 
of Fstl1 is crucial for normal development. In addition we unveiled a novel signalling role 
for the endocardium-derived tissue in regulating atrio-ventricular conduction velocity 
by expressing Fstl1. Unfortunately, the role of Fstl1 in the molecular regulation of the 
development of the heart, skeleton and tendons remained still largely enigmatic and will 
be subject of future investigations.
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Samenvatting

Ondanks jaren van onderzoek naar normale en abnormale hartontwikkeling blijven veel 
gevallen van aangeboren hartafwijkingen onverklaard. Afwijkingen aan het bindweefsel 
van het hart beslaan een groot deel van de aangeboren hartafwijkingen, zoals klep en 
septum afwijkingen. Eerder onderzoek heeft aangetoond dat het gen “Follistatin-like 1” 
(Fstl1) specifiek tot expressie komt in het ontwikkelende bindweefsel van het hart. Het 
expressie patroon suggereert dat Fstl1 mogelijk een rol tijdens de hartontwikkeling speelt  
[3 Lombardi, MP (2003)], [4 van den Berg, G (2007)].
Het doel van het onderzoek beschreven in dit proefschrift is het beter begrijpen van de 
moleculaire biologie van het ontwikkelende hart met betrekking tot de functie van Fstl1. 
Behalve in het hart komt Fstl1 ook tot expressie in veel andere weefsels waaronder het 
skelet.
Om de rol van Fstl1 tijdens de embryonale ontwikkeling van de muis te bestuderen 
hebben we een zogenaamde knockout muis gemaakt, waarin het Fstl1 gen zo is aangepast 
dat er geen functioneel Fstl1 eiwit geproduceerd kan worden. Vervolgens hebben we 
aangetoond dat muizen zonder functioneel Fstl1, bij de geboorte overlijden ten gevolge 
van ademhalingsproblemen. Tevens hebben deze muizen verschillende skelet afwijkingen. 
Endochondrale botvorming, evenals de “patterning” van ledematen en het axiale skelet 
zijn verstoord in de Fstl1 knockout muizen. Ook hebben we onderzocht of mensen met 
vergelijkbare skeletafwijkingen mutaties in het FSTL1 gen hebben. Bij geen van deze 
patiënten hebben we mutaties in het Fstl1 gen gevonden. Hoewel wij geen mutaties 
hebben gevonden denken we dat er andere ziektebeelden zijn waar mogelijk wel Fstl1 
mutaties bij gevonden zouden kunnen worden.
Behalve de afwijkingen van het skelet hebben we ook afwijkingen aan de ontwikkeling 
van de pezen gevonden in de voorpoten van Fstl1 knockout muizen. We laten zien dat 
Fstl1 tijdens de peesontwikkeling werkt in een signaal-transductie-pad parallel aan het 
al bekende TGFβ-Scleraxis pad. In een poging het werkingsmechanisme van Fstl1 verder 
te ontrafelen hebben we een “DeepSAGE” analyse verricht waarmee we enkele nieuwe 
kandidaatgenen voor peesontwikkeling hebben geïdentificeerd.
Om de rol van Fstl1 tijdens de ontwikkeling van het hartbindweefsel rondom de 
atrioventriculaire knoop en bundel te bestuderen hebben we gevonden dat endocard 
afkomstige fibroblasten de primaire bron zijn van de isolatie van het centrale 
geleidingssysteem van de rest van de hartspier. Inactivatie van Fstl1 in het endocard 
afkomstige bindweefsel resulteert in een vertraagde atrioventriculaire elektrische geleiding. 
Histologische en morfometrische analyse van het atrioventriculaire geleidingssysteem 
liet echter geen afwijkingen zien die correleerde met de vertraagde atrioventriculaire 
geleiding. Om het werkingsmechanisme van Fstl1 op de atrioventriculaire geleiding beter 
te begrijpen hebben we een regulatoir DNA element geïdentificeerd in het Fstl1 gen dat de 
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expressie stuurt in het endocard. Tevens hebben we aangetoond dat dit regulatoire DNA 
element geactiveerd wordt door de bindweefselregulator TGFβ.
Ten slotte laten we zien hoe een persisterend patroon van embryonale expressie van 
ionkanalen het rechter ventrikeluitstroom traject kwetsbaar maakt voor de ontwikkeling 
van ritmestoornissen. Dit verklaart deels de oorsprong van de ritmestoornissen die bij het 
Brugada syndroom horen.
Samengevat hebben we de rol van Fstl1 in de ontwikkeling van het hart, skelet en pezen 
bestudeerd. Door Fstl1 in deze weefsels te inactiveren hebben we aangetoond dat 
Fstl1 cruciaal is voor de normale embryonale ontwikkeling. In deze analyse hebben we 
gevonden dat Fstl1 een rol speelt in een nieuwe vorm van signalering tussen endocard 
en atrioventriculair myocard waarbij het endocard geproduceerde Fstl1 de myocardiale 
geleiding beinvloed. Hoe Fstl1 al de hierboven beschreven processen beïnvloed is echter 
nog onduidelijk en zal onderwerp zijn van toekomstig onderzoek.
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