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Abstract 

Transforming growth factor beta (TGF) signaling is involved in valve remodeling 

process during heart development. Cardiac cushions serves as the early precursors of mature 

adult valves and undergo significant remodeling during heart development. Of the three TGF 

ligand-specific knockout mice, only TGF2-deficient embryos exhibit defects in valve formation 

and remodeling. Gene expression studies have revealed a significant overlap in the expression 

patterns of the three TGF ligands during cushion remodeling.  Several in vitro studies have 

suggested that periostin, a cell-cell adhesion molecule involved in cardiac cushion 

differentiation, can be induced by TGF ligands. However, the exact contribution of the three 

TGF ligands to the cardiac cushion remodeling and POSTN levels in the remodeling cushions 

remains unclear. My hypothesis is that TGF ligands have synergistic effect on both cushion 

remodeling and POSTN levels during heart development. This hypothesis was tested by 

histological and morphometric analyses to evaluate the cardiac cushion remodeling defects 

(Objective 1) and immunohistochemical analysis to determine POSTN levels in cardiac cushions 

(Objective 2) of Tgfb2-/- embryos harvested 14.5 days after conception (E14.5) that had 

heterozygous or homozygous genetic deletion of Tgfb1 or Tgfb3. The results indicate that 

heterozygous deletion of Tgfb1 has no effect on cardiac cushion remodeling in Tgfb2-/- 

embryos. Loss of Tgfb3 exacerbates the cushion remodeling defects of Tgfb2-/- embryos. Finally, 

the Immunohistochemistry data shows a synergistic effect of TGF2 and TGF3 on POSTN levels 

in the remodeling cushions during heart development. In conclusion, TGF2 and TGF3 have a 

synergistic effect on both cushion remodeling and POSTN levels during heart development. The 
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information gained in this project will have implications in understanding the role of TGF 

ligands in the pathological remodeling in valve diseases.  
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Statement of Purpose 

 The purpose of this experiment is to determine the role that transforming growth factor 

beta 1, 2, 3 (TGFβ1, 2, 3) in the  cardiac cushion remodeling and regulation of periostin (POSTN) 

during heart development.    The three TGF ligands are expressed during cardiac cushion 

remodeling in an overlapping fashion. It is thought that periostin (a fasciclin cell-cell adhesion 

molecule involved in cardiac cushion differentiation) is a mediator of TGF function in heart 

development. However, the exact contribution of the three TGF ligands to the cardiac cushion 

remodeling and POSTN levels remains unclear. My hypothesis is that TGF ligands have 

synergistic effect on both cushion remodeling and POSTN levels during heart development. 

Thus, this study aims to identify the role that the TGFβ ligands have in cushion remodeling and 

regulation of POSTN levels by histological and morphometric and immunohistochemical 

approaches. 
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Statement of Relevance 

Genetic mutations affecting transforming growth factor beta ligand signaling are found 

in patients of congenital heart disease and adult heart valve diseases.  Reduced levels of 

periostin are found in pediatric patients of stenotic valve disease. This project has investigated 

the function and relationship of TGF ligands and periostin during heart valve development. 

This project has significant relevance and implications in understanding of the molecular 

mechanisms involved in the pathogenesis of valve diseases.   
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Literature Review 

Transforming growth factor β (TGFβ) are cytokines involved in the regulation of the 

extracellular matrix (ECM) and in mesenchymal cell differentiation.  There are three known 

TGFβ isoforms that exist in humans, TGFβ1, TGFβ2, and TGFβ3; each of which have ligand-

specific functions in the development of the heart.   Genetic mutation affecting TGFβ ligand 

signaling are found in patient of congenital heart diseases.21 The specifics of the mechanisms 

behind the three different TGFβs are still not fully understood; however, what is known is that 

there is a general activation through enzymatic mechanisms.1 The expression of the different 

isoforms of TGFβ is also varied within the heart structures themselves.   

 In cardiac tissue, TGFβ1 is secreted by cardiac fibroblasts, which is a type of cell that 

synthesizes the extracellular matrix as well as collagen, and can induce the transformation of 

cardiac fibroblasts into 

myofibroblasts.  

Myofibroblasts are more 

active connective tissue cells 

present in the myocardium.5, 6   

TGFβ1 alone is known to be 

localized in the intima in 

vessels and its overexpression 

leads to an increased extracellular matrix protein synthesis.1, 5   This isoform has also been 

described mainly in pathological processes, such as cardiac fibrosis, where an increase in the 

Figure 1. The 3-D Protein Structure of TGFβ1 
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Figure 2. Immunohistochemical Staining of 
Heart Tissue Displaying Cytoplasmic TGFβ1 

Staining 

expression of the extracellular matrix proteins leads to the malformation in the ventricular 

properties of the heart. 5 The involvement of TGFβ1 in ventricular remodeling is thought to be 

due to a reparative fibrosis function.5 

 This is due to myocardium self-repair 

 in a process where the dying cardiac cells are 

 exchanged for extracellular matrix proteins,  

which will protect the heart wall.5 Due to the 

 reparative processes of TGFβ1, it has been 

 studied as a potential therapeutical target for 

 cardiac disease.4 The TGFβ1 pathway has also been recognized as being involved in a pathway 

of some vascular mechanisms of current clinical drugs1,4.   

TGFβ 2 has been found to be the major TGFβ isoform involved in the cushion epithelial-

mesenchymal transition (EMT), which during 

the early embryonic day of the mouse (E. 9.5-

10.5), leads to formation of the simple 

cushion.3, 7 EMT is the proposed process of 

development of biological cells, with special 

characterization of loss of cell adhesion, 

repression of E-cadherin expression, and 

increased cell motility.  TGFβ2 has high levels 

of expression in the AV myocardium as the 

cells undergo EMT and once the cushion has 

Table 1. Congenital Defects in TG Fβ2 Null Mutants
8
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been formed, the TGFβ2 plays a role in down regulating EMT.3 Since TGFβ2 is such a major 

player in this process, it comes as no surprise that null mice not only have severe heart defects 

but also other congenital defects in organs such as the lungs and kidneys.8    The loss of TGFβ2 

has significant effects on the arterial outflow, due to its disfigured small and thin walled 

structure.  It also leads to valve leaflet malformation, causing both the tricuspid and the mitral 

valve to be connected to the left ventricle; there is also a septal defect present in the null 

mouse8  

The last of the TGFβ isoforms is TGFβ3.  TGFβ3 is expressed by fibroblasts, platelets, 

monocytes, chondrocytes, and osteoblasts; which are found in connective tissue, blood, 

cartilage, and developing bone respectively.13 The isoform is also involved in embryogenesis 

and cell differentiation and is known to 

be associated with arrhythmogenic 

right ventricular dysplasia, also known 

as arrhythmogenic right ventricular 

cardiomyopathy (ARVC) which is an 

inherited heart disease.12, 13, 16 The 

disease is often characterized  with the 

fibro-fatty replacement of the right 

ventricular myocardium, resulting in a 

high risk of lethality.14, 16 The TGFβ3 

isoform induces a fibrotic response in 

Figure 3. Histologic Features of ARVC. Top picture showing 
early fibrosis and the bottom adipocytes infiltration.

16
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tissues by enhancing the expression of the extracellular matrix genes and simultaneously 

hindering the expression of genes involved in extracellular matrix degradation, such as matrix 

metalloproteinases.14 The null mouse of TGFβ3 in the mouse leads to very little defects in the 

heart.  There have only been reported minor differences in the position and curve formation of 

the aortic arches as well ventricular wall thickness.14, 15  

Although the three isoforms of TGFβ do have some similar localization within the heart, 

they are not thought to be 

generally expressed in an 

overlapping pattern.  Some 

examples of the similar 

locations are both TGFβ 2 and 

TGFβ 3 are present in both the 

media and adventitia, the 

outermost connective tissue 

covering any organ, in the 

great arteries.1 Also, TGFβ1 

and TGFβ3 have been 

demonstrated to not be 

required for cushion 

formation, yet after E. 12.5 

both the TGFβ2 and TGFβ3 

Figure 4. Interior of the Right Side of the Heart, and a real 
representation of the mouse heart.

17
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isoforms are expressed in the remodeling cushion mesenchyme of the atrioventricular (AV) and 

outflow tract (OT) in the mouse.2,3   In summary, TGFβ1 is the most expressed isoform in 

endocardial cells of the myocardium.1 The myocardium is the middle and the thickest layer of 

the cell wall, and the endocardial cells would be located on the innermost  layer of the tissue.  

TGFβ2 expression tends to be much more reduced than the other two isoforms and is mainly 

myocardial.  While TGFβ3 is mainly expressed in the right ventricle as seen in arrhythmogenic 

right ventricular cardiomyopathy.14, 16, 17   

  Periostin, referred to as POSTN for short, is a fasciclin-domain containing protein 

encoded by the POSTN gene that has a relatively unknown function with regard to its specific 

interactions and the pathways that it is involved in.   Despite this limited knowledge, POSTN has 

been previously described as an osteoblast specific factor but recently, has been shown to be 

involved with many growth 

factors.  It is known to 

induce cell attachment, cell 

spreading, plays a role in 

cell adhesion and has also 

been found in extracellular 

matrix deposition following 

myocardial infarction and 

ventricular dilation.9,11 The 

loss of POSTN in null mice has 
Figure 5. Elevated Periostin Expression in Pathological Hearts

11
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shown great defects in heart structure and function, as well as dwarfism and malformations of 

the teeth.9 POSTN has also shown to have significant importance in collagen fibrillogenesis and 

overall organization of ECM.11 POSTN is also considered to be a “matricellular protein” which 

means a matrix protein that controls cell function and cell-matrix interactions and also has no 

direct structural role.11  POSTN expression has been shown to be elevated in embryonic 

fibroblasts.  Fibroblasts, as stated previously, TGFβ1 and synthesizes extracellular matrix and 

collagen.  Clinically, POSTN is reduced in patients with bicuspid aortic valve, an aortic valve with 

two leaflets instead of three, and yet is reduced in Marfan syndrome, phenotypically 

characterized with thickened heart valves and primary myocardial dysfunction.11The general 

function of POSTN in the heart has been postulated to include aiding in the proper organization 

of the ECM and cellular trafficking of cardiac fibroblasts and it has been suggested that TGFβ2 is 

required for POSTN expression in the cardiac fibroblast lineage.11   
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Methodology 

Generation of mice with TGFβ ligand-specific-deficiency 

All procedures are approved by the Institutional Animal Care and Use Committee at the 

University of Arizona. Tgfb1−/− (129/CF-1 [50:50 mix] and BALB/c [N7]), Tgfb2-/- (129/Black-

Swiss; 50:50 mix) and Tgfb3-/- (CF-1 [N7]) mice were generated and genotyped as described.8.18, 

19, 20 

Tissue Processing 

The embryos were formalin fixed paraffin embedded (FFPE) and sectioned in a standard 

procedure of 7 µm thick tissues, ligated to positively charged slides.   

Histology 

Serial tissue sections were stained with a standard hemotoxylin and eosin stain.  This allowed 

for routine histological examination.  More than three embryos were analyzed per genotype. 

The sections were viewed using bright field optics with a Zeiss Axio Imager M1 microscope (Carl 

Zeiss Microimagining, Inc., Thornwood, NY).    

Immunohistochemistry 

Immunohistochemistry was performed with a standard procedure. Antigen retrieval was 

performed in Target Retrieval Solution (Cat. No. S1700; DakoCytomation) for 10 minutes at 

95˚C and 40 minutes at room temperature.  The following primary antibody was used: rabbit 

polyclonal antisera for periostin (ab14041, 1:1000 dilutions, Abcam).  Following incubation at 
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4˚C overnight, the secondary fluorescent antibody was added, AlexaFluor 488 (1:2000 diluent, 

goat anti-rabbit IgG, Cat. A-11034, Invitrogen).   The slides were viewed using AF488 filter set 

with a Zeiss Axio Imager M1 microscope (Carl Zeiss Microimagining, Inc., Thornwood, NY).    
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Results  

Role of TGF1 in TGF2-dependent cardiac cushion remodeling 

Figure 6. Histological analysis of embryos at E14.5 with different allelic combination of Tgfb1 
and Tgfb2.  Note that Tgfb1+/-Tgfb2-/- but not Tgfb1-/-Tgfb2+/- embryos have enlarged or 
abnormal pulmonary and mitral valves, indicating that TGFβ2 but not TGFβ1 is essential for 
cardiac cushion remodeling. 

Tgfb1, Tgfb2 and Tgfb3 embryo serial sections of the heart were subject to 

hemotoxylin/ eosin staining to observe the morphometric changes in the heart valves.  To start, 

genetic combinations of Tgfb1 and Tgfb2 mutants were generated and compared to determine 

if there was any cardiac cushion defect present.  The combinations that were examined were 

Tgfb1+/+ Tgfb2+/+, Tgfb-/- Tgfb2+/-, and Tgfb1−/− Tgfb2-/- (Figure 6).  The Tgfb2 heterozygous 

embryos showed some variation in the cushion near the septal connection, this variation 

becomes more prominent in the Tgfb2-/- embryo as the area looks much more disorganized and 

the cells appear to be much more spread out as compared with the WT.  The septal connection 
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is also altered in the Tgfb1+/- Tgfb2-/- embryos, however, the difference between the three are 

not extremely significant.    The difference in the Tgfb1+/+ to Tgfb1-/- , both with Tgfb2+/- 

deletion, had no significant difference in the leaflet or the cushion.  These results indicate that 

Tgfb2 has an involvement in the modeling of the cushion while Tgfb1 has little effect on the 

valve and cushion development.  

Figure 7. Histological analysis of embryos with different allelic combination of Tgfb2 and 
Tgfb3.  Read from top left to top right and bottom left to bottom right captions are: (1) 
Tgfb2+/+ Tgfb3+/+ , (2) Tgfb2-/- , (3) Tgfb3−/−  (4) Tgfb2−/− Tgfb3−/−, (5) Tgfb2−/− Tgfb3+/-, and (6) 
Tgfb2+/−  Tgfb3−/−. 

 Figure 7 shows the next set of combinations that were examined.  These focused on the 

role TGFβ2 and TGFβ3 played on cardiac valve and cushion formation.  The genetic 

combinations used were; Tgfb2+/+ Tgfb3/+/+, Tgfb2-/- , Tgfb3−/−, Tgfb2−/− Tgfb3-/-, Tgfb2-/- 

Tgfb3+/−, and Tgfb2+/- Tgfb3-/-   Observing the Tgfb2-/- alone, as stated before, the cushion is 

much more disorganized and has a more spread out pattern of cells present in the cushion 
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formation.  The Tgfb3-/- also exhibit cushion defects that are similar the defects seen in Tgfb2-/- 

embryos.  The valve leaflets of Tgfb3-/- embryos appear to be swollen and massive in 

comparison to the wild-types.  The cushion does appear to have a typical cushion pattern; 

however the extent of the spreading of cells is not as severe as in the Tgfb2-/- embryo.  Next, 

looking at the effect of Tgfb3 heterozygosity on the Tgfb2-/- embryo, the leaflets become much 

larger and appear to be swollen.  The leaflets in fact appear to be a central blob of cushion.  The 

“swollen” phenotype is clearly seen and the spread out pattern of cells is still present when 

compared to Tgfb2+/+ Tgfb3+/+.  Additionally, Tgfb2 heterozygous deletion increases the severity 

of the cardiac cushion defects in Tgfb3-/- embryos. On the other hand, heterozygous deletion of 

Tgfb3 in Tgfb2-/- embryos also leads to exacerbation of cushion defects. Interestingly, the 

magnitude of the effect of Tgfb3 heterozygous deletion on the cushion phenotype of Tgfb2-/- 

embryos is much larger than that of Tgfb2 heterozygous deletion on cushion remodeling in 

Tgfb3-/- embryos.  Finally, looking at the Tgfb2-/- Tgfb3-/- embryo it is apparent that there is a 

significant morphological change. When compared to the Tgfb2+/+ Tgfb3+/+, the leaflets of the 

Tgfb2-/-Tgfb3-/- are swollen and “stubby” while the WT are more linear and thin.  The cell 

composition of the cells in the Tgfb2+/+ Tgfb3+/+ are very tight and organized, in the Tgfb-/- 

Tgfb3-/- embryo, the cells appear more spread out and are no longer patterned in an organized 

way.  These results indicate that Tgfb2 mutations result in a cell spreading, while a Tgfb3 

mutation causes a swelling of the leaflets and overall enlargement of the cushion.  When put 

together the combination of Tgfb2 and Tgfb3causes drastic effects on the cardiac valve and 

cushion formation.  Therefore, TGFβ2 and TGFβ3 cause morphological changes in the cardiac 

valve and cushion, while TGFβ1 has little effect on the morphology.  
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TGFβ1, TGFβ2 and TGFβ3 in the Regulation of POSTN 

Similar allelic combinations of embryos at E14.5, as stated previously, were stained in an 

immunohistochemical approach with a primary antibody specific for POSTN and a secondary 

antibody for AlexaFluor 488.    

Figure 8. Immunofluorescence staining of POSTN on serial sections of Tgfb1 and Tgfb2.  Read 
from top left to top right and bottom left to bottom right captions are: (1) Tgfb1+/+ Tgfb2+/+ , 
(2) Tgfb1-/- (3) Tgfb2−/−  (4) blank, (5) Tgfb1−/− Tgfb2+/-, and (6) Tgfb1+/−  Tgfb2−/−. 

 Immunofluorescence staining was done to get a better understanding how POSTN was 

being expressed in the valve, shown in Figure 9.  From the WT the expression of POSTN is 

layered and is seen in clean, precise lines throughout the leaflet.  The Tgfb1-/- shows no 

significant change in POSTN.    Previous work from the laboratory has shown that about 1/3 

proportion of Tgfb2-/- embryos shows cardiac cushion defects. Previous work has also shown 

that POSTN levels are reduced in the defective or enlarged cushions of the Tgfb2-/- embryos and 
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that Tgfb2-/- embryos with normal cushions have normal levels of POSTN (Azhar et al, 

unpublished data). Immunohistochemistry of Tgfb2-/- embryos with normal cardiac cushions is 

shown in Figure 8. The data show a very clear, specific signal of POSTN in the striated pattern as 

expressed in WT.  Still, there is a decrease in the fluorescence on the atrialis side of the leaflet, 

as well as in the area where the two leaflets join together.  The effect of the Tgfb2 

heterozygosity on the Tgfb1-/- leads to again, to a more centralized expression of the POSTN 

within the leaflet.  The edges of the leaflet, both atrialis and ventricularis, are much dimmer 

than the center.  The clear lines are still present and the intensity of the fluorescence is 

relatively similar to WT.  Next, the effect that Tgfb1+/- has on the Tgfb2-/- is more drastic.  The 

expression of POSTN becomes much more centralized in the leaflet and both the atrialis and 

ventricularis of the leaflet are significantly darker.  From these results it can be concluded that 

TGFβ 1 plays a role in the expression of POSTN in the ventricularis, while Tgfb2 plays a role in 

the atrialis expression of POSTN in the valve leaflet.  
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Figure 9. Immunofluorescence staining of POSTN on serial sections of Tgfb2 and Tgfb3.  Read 
from top left to top right and bottom left to bottom right captions are: (1) Tgfb2+/+ Tgfb3+/+ , 
(2) Tgfb2-/- , (3) Tgfb3−/−  (4) Tgfb2−/− Tgfb3−/−, (5) Tgfb2−/− Tgfb3+/-, and (6) Tgfb2+/−  Tgfb3−/−. 

 

 Immunofluorescence staining was also performed on the Tgfb2 and Tgfb3 genetic 

combinations (Figure 9).  Again, Tgfb2-/- shows a very clear, specific signal of POSTN in a striated 

pattern as expressed in Tgfb2+/+ Tgfb3+/+.  Still, there is a decrease in the fluorescence on the 

atrialis side of the leaflet, as well as in the area where the two leaflets join together.  Tgfb3−/− 

has severely decreased fluorescence than both the Tgfb2+/+ Tgfb3+/+ and the Tgfb2-/-.  Although 

there are some bright linear expressions of POSTN in the valve, which are localized in the center 

of the valve, there is very little specificity throughout.  Next, the effect of Tgfb3+/- was examined 

on Tgfb2-/-.  The valve is bright throughout, denoting a loss of organization and very few, small 

striations are present.  The effect of Tgfb2+/- on Tgfb3-/- was studied and here there seems to be 

a conserved expression of the linear POSTN in the ventricularis of the leaflet.  When compared 
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with the Tgfb3−/− there is a great difference in the intensity of the bright layers, and the atrialis 

part of the leaflet is again much dimmer.  Finally the Tgfb2−/− Tgfb3−/− showed very little 

specificity, and there are few layers present in the valve.  There is a thin atrialis patch that 

appears dimmer, however overall the fluorescence is bright. Conclusively, Tgfb2 remains 

important in the expression POSTN on the atrialis side of the leaflet, and introduction of a 

mutation with Tgfb3 leads to a loss of specificity in the valve. Overall, the data indicate that 

Tgfb3 is sufficient but Tgfb2 is required for POSTN levels during cushion remodeling in heart 

development.  
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Conclusions 

 The purpose of this experiment was to determine the role that each specific TGFβ ligand 

(1-3) has on cushion structure and the regulation of periostin in the valves.  Through the means 

of histochemical, immunohistochemical and immunofluorescence it was found that TGFβ1 does 

not play a major role in the cushion remodeling and expression of POSTN in the valve. 

Interestingly, the data show that Tgfb2 and Tgfb3 do appear to have an important role in the 

regulation of POSTN levels in remodeling cushions.  When examining the immunohistochemical 

and immunofluorescence stains, the specific roles of Tgfb1, Tgfb2, and Tgfb3 become more 

apparent.  In both sets of staining the difference between the Tgfb1+/- and Tgfb2-/- mice are not 

significant enough to claim a strong correlation with Tgfb1 presence and the regulation on 

POSTN expression.  With Tgfb2 however, any change in this specific transforming growth factor 

ligand leads to a decreased expression in the atrialis side of the valve.  The stain remains 

centralized and expressed throughout the valve but the atrialis side has a significant decrease in 

brown, in the immunohistochemical stain (Figure 8) and a diminished fluorescence (Figure 9).  

The immunofluorescence also gives a better representation of the expression pattern of POSTN 

within the valve.  The expression is well layered and can be seen in very thin, precise lines in the 

valve.  While the lines appear to become hazy with the Tgfb1 differences, this result, since it is 

not supported by the immunohistochemical stain, it is not significant enough to claim an 

expression pattern.  Next, Tgfb3 alone appeared to have a great reduction in the expression of 

POSTN.  In the immunohistochemical stain the Tgfb3-/- section is lighter than the Tgfb2+/+ 

Tgfb3+/+ and even the Tgfb2-/- section.  Upon looking at the immunofluorescent section a very 

similar finding can be seen.  The fluorescence in diminished greatly, and the little illumination 
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that is present is still seen to be in a layered form.   A very interesting finding is the combination 

of the Tgfb2 and Tgfb3 mutant leads to a loss of specificity in the expression of POSTN.  When 

Tgfb2-/- was paired with simply a Tgfb3+/- the reduction of specificity is clearly obvious.  The 

entire valve lights up, minus the atrialis side, with no layers or lines as seen in the Tgfb1-/-, 

Tgfb2-/-, and Tgfb3-/-  sections.  However this is only seen when there is a complete loss of 

Tgfb2.  Examining the Tgfb2 +/- and Tgfb3-/- immunofluorescent section reveals a loss of 

fluorescence on the atrialis side of the valve but the POSTN that is expressed is still seen in the 

precise, clear layers, which is typical of POSTN expression.  However, when looking at the  

Tgfb2-/- Tgfb3-/- combination, the result was a loss of POSTN expression specificity.   The entire 

valve is lit, although lightly, and there is no line or striations of the POSTN expression present in 

the valve.  Therefore the introduction of a Tgfb3 mutation on a Tgfb2-/- background results in 

the loss of specificity of the expression of POSTN.   

 These results closely mirror the morphometric issues that the valves undergo when 

there is a loss of specific TGFβ ligands.  Loss of Tgfb1 has little significance in the development 

of the proper structure of the heart valves.  The valve is still slender and retains a very similar 

structure to that of Tgfb1+/+ Tgfb2+/+.  Also, any mutation in Tgfb3 with a Tgfb2-/- background 

results in major morphometric disfigurements.  The valves become extremely swollen and form 

more of a globular structure rather than the slender valves seen in Tgfb1+/+ Tgfb2+/+. While the 

loss of Tgfb3 does lead to swollen valves, it is not to the extent of that with the combination of 

the Tgfb2-/- background.   
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Assessment of Success 

The purpose of this experiment was to determine the contribution of TGF1 and TGF3 to the 

cushion remodeling defects and levels of POSTN in Tgfb2-/- embryos. The proposed objectives 

were successfully achieved.  Through the histochemistry, immunohistochemistry, and 

immunofluorescence, it was shown in a very convincing manner how the TGFβ ligands 

genetically and functionally interact and influence POSTN levels during cardiac cushion 

remodeling in embryo heart development in vivo. 
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