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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.



Endocardium-dErivEd Fstl1 rEgulatEs av conduction118

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.
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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)



Chapter 6 129

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).
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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.



Chapter 6 135



Endocardium-dErivEd Fstl1 rEgulatEs av conduction136

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 


