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is not sufficient to induce EMT. Consistent with the activation 

of the Par6/Smurf1 pathway downstream of TGF � R3, target-

ing ALK5, Par6, or Smurf1 significantly inhibited EMT in re-

sponse to either TGF � 2 or BMP-2. The requirement for ALK5 

activity, Par6, and Smurf1 for TGF � R3-dependent endocar-

dial cell EMT is consistent with the documented role of this 

pathway in the dissolution of tight junctions. Taken together, 

our data demonstrate that TGF � R3-dependent endocardial 

cell EMT stimulated by either TGF � 2 or BMP-2 requires Smad4 

and the activation of the Par6/Smurf1 pathway. 
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 Abstract 

 Valvular heart disease is a major cause of mortality and mor-

bidity. Revealing the cellular processes and molecules that 

regulate valve formation and remodeling is required to de-

velop effective therapies. A key step in valve formation dur-

ing heart development is the epithelial-mesenchymal trans-

formation (EMT) of a subpopulation of endocardial cells in 

the atrioventricular cushion (AVC). The type III transforming 

growth factor- �  receptor (TGF � R3) regulates AVC endocar-

dial cell EMT in vitro and mesenchymal cell differentiation in 

vivo. Little is known concerning the signaling mechanisms 

downstream of TGF � R3. Here we use endocardial cell EMT

in vitro to determine the role of 2 well-characterized down-

stream TGF �  signaling pathways in TGF � R3-dependent en-

docardial cell EMT. Targeting of Smad4, the common media-

tor Smad, demonstrated that Smad signaling is required for 

EMT in the AVC and TGF � R3-dependent EMT stimulated by 

TGF � 2 or BMP-2. Although we show that Smads 1, 2, 3, and 5 

are required for AVC EMT, overexpression of Smad1 or Smad3 
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Abbreviations used in this paper

ALK activin receptor-like kinase
AVC atrioventricular cushion
BMP bone morphogenic protein
EMT epithelial-mesenchymal transformation
OFT outflow tract
TGF� transforming growth factor-�
TGF�R1 type I transforming growth factor-� receptor
TGF�R2 type II transforming growth factor-� receptor
TGF�R3 type III transforming growth factor-� receptor
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 Introduction 

 Valve formation begins between the common atria 
and ventricle and in the distal outflow tract (OFT) when 
the heart is a simple tube comprised of 2 concentric cyl-
inders of epithelia separated by a gel-like matrix termed 
the cardiac jelly. A critical step in valvulogenesis is the 
transformation of a subpopulation of endocardial cells 
from the inner cell layer into mesenchymal cells that in-
vade the cardiac jelly and contribute to the valves and 
septa of the heart [Sadler, 1985]. Transformation occurs 
at the atrioventricular boundary to initiate formation of 
the mitral and tricuspid valves and in the OFT to initiate 
aortic and pulmonary valve formation. Cell transforma-
tion depends on factors derived from the myocardium 
[Bernanke and Markwald, 1982]. Although the later 
mechanisms of valve maturation are poorly understood 
it is clear that cushion mesenchyme is critical to the pro-
cess of valve formation [Sadler, 1985; Keller and Mark-
wald, 1998].

  Atrioventricular cushion (AVC) transformation has 
been studied extensively in avian systems using an in vi-
tro assay in which the AVC is excised and placed on a col-
lagen gel [Barnett and Desgrosellier, 2003]. In this assay, 
transformation is divided into 3 steps based on cell mor-
phology. Endocardial cells separate from the epithelial 
sheet and elongate in a step termed activation. Next, the 
elongated mesenchymal cells enter the matrix, a step 
termed invasion. Finally, cells migrate through the gel in 
the migration step. Epithelial-mesenchymal transforma-
tion (EMT) is tightly restricted so that endocardial cells 
in AVC explants undergo EMT whereas endocardial cells 
in the ventricle do not [Bernanke and Markwald, 1982]. 
Transforming cells downregulate the endothelial marker 
PECAM-1 and upregulate smooth muscle �-actin and 
procollagen type I [Brown et al., 1996; Sugi et al., 2004].

  TGF �  is a key regulator of endocardial cell EMT [re-
viewed in Barnett and Desgrosellier, 2003]. TGF �  sig-
nals through 3 receptors: the type I (TGF � R1), type II 
(TGF � R2), and type III (TGF � R3) receptors. In the ca-
nonical pathway [Shi and Massague, 2003] ligand bind-
ing to TGF � R2 recruits TGF � R1 or activin receptor-
like kinase (ALK) 5. The constitutively active kinase of 
TGF � R2 phosphorylates and activates the kinase domain
of ALK5 which subsequently phosphorylates and acti-
vates downstream receptor-associated (R-) Smads 2 and 
3 [Kretz schmar and Massague, 1998]. TGF � R3 or beta-
glycan has a highly conserved intracellular domain with 
no catalytic activity [Lopez-Casillas et al., 1991; Wang et 
al., 1991; Cheifetz et al., 1992]. TGF � R3 is required for 

AVC EMT in vitro [Brown et al., 1999] and mesenchymal 
cell maturation in vivo (unpublished data). Inactivation 
of  Tgfbr3  in the mouse results in OFT and cushion defects 
with death at embryonic day 14.5 due to a failure of coro-
nary vessel development [Compton et al., 2007]. In addi-
tion to Smads, TGF �  activates additional downstream ef-
fectors including RhoA [Bhowmick et al., 2001; Edlund et 
al., 2002; Bhowmick et al., 2003; Masszi et al., 2003; Dea-
ton et al., 2005], Ras [Ward et al., 2002], MAP kinases 
[Bhowmick et al., 2001; Bakin et al., 2002; Xie et al., 2004; 
Deaton et al., 2005], and PI3K/AKt [Bakin et al., 2000] 
although the mechanisms by which TGF �  regulates these 
effectors are less well described. A signaling pathway has 
recently been described where Par6 acts downstream of 
TGF �  to control apical-basal polarity [Ozdamar et al., 
2005]. Par6 is colocalized to the tight junctions with 
ALK5 by occludin. TGF � R2 is recruited to the tight junc-
tions by TGF �  addition and phosphorylates Par6 result-
ing in the recruitment of Smurf1 [Wang et al., 2003]. 
Smurf1 ubiquitination of RhoA leads to the degradation 
of RhoA to promote tight junction dissolution and EMT 
[Bose and Wrana, 2006]. In addition to playing a critical 
role in heart valve development, endothelial cell EMT 
also has key roles in pathological processes in adults such 
as cardiac fibrosis [Zeisberg et al., 2007] and cancer pro-
gression [Potenta et al., 2008]. Here we use an in vitro 
model of endocardial cell transformation to test the hy-
pothesis that Smad and Par6 signaling pathways regulate 
TGF � R3-dependent EMT in endocardial cells.

  Materials and Methods 

 Construction of Adenoviral Constructs 
 Adenoviruses were generated [He et al., 1998] and titered as 

described [Townsend et al., 2008]. Viral titers ranged from 10 9  to 
10 14  pfu/ml. Injections were adjusted to achieve infection of 20–
50% of endocardial cells.

  Viral Injections and Collagen Gel Assays 
 Stage 10–12 chick embryos were harvested, injected with ad-

enovirus, and incubated, and ventricular or AVC explants were 
excised as described [Desgrosellier et al., 2005]. After 48 h, ex-
plants were fixed, and the phenotype of each GFP-expressing cell 
was scored as described [Desgrosellier et al., 2005; Townsend et 
al., 2008] ( fig. 1 d, e).

  Ligand and Inhibitor Addition 
 Recombinant human TGF � 2 and BMP-2 (R&D Systems, Min-

neapolis, Minn., USA) addition occurred 12 h after the placement 
of explants on collagen pads. SB431542 (Sigma-Aldrich, St. Louis, 
Mo., USA) was added to conditioning media 12 h prior to the 
placement of explants on collagen pads.
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  Fig. 1.  Smad4 is required for AVC endocardial cell EMT.  a ,  b  Rep-
resentative brightfield photomicrographs of AVC explants incu-
bated with control ( a ) or Smad4-targeted ( b ) siRNA. Scale bar = 
20  � m. Cells scored as transformed have elongated, separated 
from adjacent cells, and entered the collagen pad (#). Many acti-
vated or transformed cells are evident in control explants and are 
greatly reduced in Smad4 siRNA incubated explants. Rounded, 
often contiguous cells are scored as epithelial cells (*).  c  Quanti-
fication of the number of cells in the collagen gel.   Data are derived 
from 3 independent experiments normalized to control-high (HI) 
 siRNA. Endocardial cells from AVC explants incubated either 
with no addition or with any of 3 independent scrambled control 
siRNAs with varying GC content [HI 62%, medium (MID) 38%, 
and low (LO) 29%] transformed on collagen gels. However, 2 in-
dependent siRNAs targeted against Smad4 inhibited endocardial 
cell EMT. Control-HI siRNA: normalized to 100%, control-MID 
siRNA: 97  8  4.3% (mean  8  SEM), control-LO siRNA: 103  8  
6.0%, no addition: 106  8  7.7%, Smad4-A  siRNA: 39  8  2.8%, and 
Smad4-B siRNA: 36  8  3.7%. Two-tailed Student’s t test (control-
HI vs. specific siRNA) control-MID: p = 0.549; control-LO: p = 
0.706; no addition: p = 0.528; Smad4-A: p = 0.002, ( *  p  !  0.05), and 
Smad4-B: p = 0.003, ( *  p  !  0.05). The number of AVC explants 
examined and the number of cells in each category were as fol-
lows: control-HI (n = 24; total number of cells in gel 3,676), n = 
number of explants; control-MED (n = 24; total number of cells 
in gel 3,557); control-LO (n = 24; total number of cells in gel 3,763); 
no addition (n = 24; total number of cells in gel 3,880); Smad4-A 
(n = 24; total number of cells in gel 1,415), and Smad4-B (n = 25; 
total number of cells in gel 1,391).  d ,  e  Representative merged 
brightfield and fluorescent photomicrographs of ventricular ex-
plants. Scale bar = 20  � m.  d  Adenoviral introduction of GFP-
only with the plane of focus at the surface of the collagen pad. 
Rounded, adjacent cells scored as epithelial cells (asterisks) are 
seen adjacent to the cardiac muscle. Elongated cells in the plane 
of the surface of the explant are termed activated (arrowhead).
 e  Adenoviral introduction of TGF � R3 and GFP with the plane of 
focus in the collagen pad. Cells scored as transformed are elon-
gated, separated from adjacent cells, and have entered the collagen 
pad (#).  f    Smad4 is required for TGF � R3-dependent, TGF � 2-
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stimulated ventricular endocardial cell EMT. The average percent 
of total GFP-expressing cells scored as epithelial, activated, or 
transformed is  derived from 3 separate experiments. Two inde-
pendent Smad4 siRNA constructs blocked TGF � R3-dependent 
EMT whereas control siRNA had no effect.  g  Smad4 is required 
for TGF � R3-dependent, BMP-2-stimulated ventricular endocar-
dial cell EMT. The average percent of total GFP-expressing cells 
scored as epithelial, activated, or transformed is derived from 3 
separate experiments. Two independent Smad4 siRNA constructs 
blocked TGF � R3-dependent EMT whereas control siRNA had no 
effect. For  f  and  g ,  *  denotes significance versus ligand-incubated 
GFP-only-expressing explants whereas # denotes significance 
versus ligand-incubated TGF � R3 and GFP-expressing explants. 
For the actual counts and statistical analysis of  f  and  g , see online 
supplementary table 1. 
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  siRNA Treatment of AVC and Ventricular Explants 
 AVC and ventricular explants were harvested and siRNA was 

introduced as described [Townsend et al., 2008]. Target sequenc-
es for Par6 and Smurf1 were as published [Townsend et al., 2008]. 
Target sequences for ALK5, TGF � R3, and the Smads (1, 2, 3, 5) 
are presented in online supplementary table  2 (for all online 
suppl. material, see www.karger.com/doi/10.1159/000322035). For 
control siRNA, 3 scrambled 21-oligonucleotide templates with 
varying GC content that did not blast to any gene in the chicken 
genome were designed (online suppl. table 2). The control with the 
GC content most similar to the target siRNA was used.

  RNA Isolation and RT-PCR 
 Chick embryonic fibroblasts were used to confirm the knock-

down of genes targeted with siRNA as described [Townsend et al., 
2008] (online suppl. fig. S2). The primers used for RT-PCR of 
Smurf1 and Par6c were as described [Townsend et al., 2008]. Ad-
ditional primers used for Smad4; ALK5; TGF � R3; Smads 1, 2, 3, 
5, and GAPDH are presented in the online supplementary mate-
rial and were used as described [Bushdid et al., 2001]. RT-PCR 
data was analyzed using the 2 – �  � C  T  method [Livak and Schmitt-
gen, 2001].

  Results 

  Smads Are Required for Endocardial Cell EMT 
  TGF � -stimulated EMT can be Smad-dependent or 

Smad-independent [reviewed in Lopez-Casillas et al., 
1991]. To determine whether Smads are required for en-
docardial cell EMT, we used siRNA targeted to Smad4. 
Initially, we delivered siRNA constructs against Smad4 to 
AVC explants from stage 14 embryos. After incubation 
with siRNA [Townsend et al., 2008], explants were placed 
on a collagen gel and fixed and scored after 48 h. As com-
pared to control siRNA, 2 independent siRNA constructs 
to Smad4 decreased the number of transformed cells by 
60% ( fig. 1 a–c). These data demonstrate that endocardial 
cell EMT at least partially requires Smad4.

  To address whether Smad4 is required for TGF � R3-
dependent endocardial cell EMT we took advantage of 
our prior demonstration that TGF � R3 is sufficient and 
required for endocardial cell EMT in vitro. Overexpres-
sion of TGF � R3 in ventricular endocardial cells, which 
lack TGF � R3 expression, results in EMT after the addi-
tion of TGF � 2 [Brown et al., 1999] or BMP-2 [Kirkbride 
et al., 2008] (online suppl. fig. S1). To determine whether 
TGF � R3-dependent EMT requires Smad4, we overex-
pressed TGF � R3 in ventricular endothelial cells and in-
cubated explants with either control siRNA or 1 of 2 
 siRNA constructs to Smad4. Stage 10–12 chick embryos 
were harvested and injected with adenovirus expressing 
either GFP alone or TGF � R3 and GFP. Embryos were 

cultured for 18–24 h, and ventricular explants from em-
bryos between stages 13 and 15 were excised and placed 
on collagen gels preincubated with vehicle or siRNA. 
Twelve hours after explant placement, either vehicle or 
200 p M  TGF � 2 was added, and the incubation continued 
for 36 h. Explants were fixed and GFP-positive cells were 
scored as epithelial (round cells in a sheet on the surface 
of the gel), activated (elongated, individual cells on the 
surface of the gel), or transformed (elongated, individual 
cells in the collagen gel) ( fig. 1 d, e). Infection of cells with 
a virus that expressed GFP alone defined the basal distri-
bution of the cells. The addition of TGF � 2 did not alter 
this distribution [Brown et al., 1999; Townsend et al., 
2008] (online suppl. fig. S1). Cells infected with a virus 
that expressed TGF � R3 and GFP incubated with vehicle 
had a distribution comparable to that of cells infected 
with virus that expressed GFP alone. The addition of 200 
p M  TGF � 2 to cells expressing TGF � R3 resulted in a sig-
nificant increase in the percent of transformed cells and 
a concomitant decrease in the percent of cells scored as 
epithelial. Incubation with siRNA to Smad4, but not con-
trol siRNA, inhibited the ability of TGF � 2 to stimulate 
EMT in TGF � R3-expressing cells ( fig.  1 f). Incubation 
with control siRNA did not alter the distribution of cells 
expressing TGF � R3 and incubated with vehicle.

  Since BMP-2 also binds TGF � R3 and stimulates endo-
cardial cell EMT [Kirkbride et al., 2005] we performed 
similar experiments where 5nM BMP-2 was added in-
stead of 200 p M  TGF � 2. The addition of 5 n M  BMP-2 to 
explants overexpressing TGF � R3 resulted in a significant 
increase in the percent of transformed cells and a con-
comitant decrease in the percent of cells scored as epithe-
lial ( fig. 1 g). Incubation with siRNA against Smad4, but 
not control siRNA, prevented the ability of BMP-2 to 
maximally stimulate EMT in TGF � R3-expressing cells 
( fig. 1 g). These data demonstrate that Smad4 is required 
for BMP-2-stimulated, TGF � R3-dependent EMT in en-
docardial cells.

  Smads Are Required but Are Not Sufficient for 
Endocardial Cell EMT 
 Since Smad4 is required for endocardial cell EMT, we 

investigated whether specific receptor-regulated Smads 
are required.   Endocardial cell EMT is dependent on ALK5 
kinase activity [Townsend et al., 2008]. In addition, both 
ALK2 and ALK3 have been implicated in endocardial cell 
EMT [Lai et al., 2000; Desgrosellier et al., 2005; Wang et 
al., 2005; Song et al., 2007]. Therefore, we targeted Smads 
downstream of both ALK5 (Smads 2, 3) and ALK2, 3 
(Smads 1, 5) in AVC explants. We used 2 siRNA constructs 
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targeted to either Smad 1, 2, 3, or 5, delivered these con-
struct AVC explants from stage 14 embryos, and scored as 
described above. The targeting of each Smad resulted in a 
significant decrease in EMT, suggesting that each is re-
quired ( fig. 2 a). We next investigated whether Smad acti-
vation is sufficient to induce EMT in endocardial cells. 
Since overexpression of Smads results in constitutive ac-
tivity [Edlund et al., 2002] we chose to overexpress Smad1 
(downstream of ALK2, ALK3) and Smad3 (downstream 
of ALK5) independently in ventricular endocardial cells 
and score for EMT. To confirm that overexpression of 
Smad1 or Smad3 results in constitutive activity, we as-

sessed the ability of each to activate specific downstream 
effectors (online suppl. fig. S3B). As expected, expression 
of Smad1 activated alkaline phosphatase production in 
C3H10T1/2 cells while Smad3 expression activated the 
p3TP-lux luciferase reporter. To determine the effects of 
Smad activation on endocardial cell EMT, embryos were 
injected, ventricular explants harvested, and cells scored 
as described above. Neither Smad1 nor Smad3 led to sig-
nificant differences in the distribution of epithelial, acti-
vated, or transformed GFP-positive cells ( fig. 2 b, c). These 
data demonstrate that Smad overexpression is not suffi-
cient to induce endocardial cell EMT.
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  Fig. 2.  Smads are required but not sufficient for EMT.  a  Targeting 
of Smads 1, 2, 3, and 5. AVC explants were incubated with control, 
TGF � R3, or Smad specific targeted siRNA. Cells were scored as 
in fig. 1a–c. Quantification of the number of cells in the collagen 
gel is depicted.   Data are derived from 3 independent experiments 
normalized to control siRNA. siRNA to TGF � R3 is presented as 
a positive control. Representative controls are depicted and the 
complete cell counts and controls for each Smad examined are 
found below. Two-tailed Student’s t test (control vs. specific 
 siRNA) TGF � R3: p = 0.00003; Smad1-A: p = 0.006; Smad1-B: p = 
0.0004; Smad2-A: p = 0.000005; Smad2-B: p = 0.002; Smad3-A:
p = 0.0000006; Smad3-B: p = 0.0000008; Smad5-A: p = 0.0004, 
and Smad5-B: p = 0.0000008, ( *  p  !  0.05). The number of AVC 
explants examined and cells in each category were as follows: con-
trol (n = 31; total number of cells in gel 4,588), n = number of 
 explants; TGF � R3 (n = 29; total number of cells in gel 2,297); 
Smad1-A (n = 40; total number of cells in gel 4,216); Smad1-B
(n = 47; total number of cells in gel 4,357); control (n = 29; total 
number of cells in gel 4,551); TGF � R3 (n = 32; total number of 
cells in gel 2,979); Smad2-A (n = 38; total number of cells in gel 
3,407); Smad2-B (n = 42; total number of cells in gel 4,728); con-
trol (n = 38; total number of cells in gel 5,499); TGF � R3 (n = 39; 
total number of cells in gel 2,796); Smad3-A (n = 39; total number 
of cells in gel 3,002); Smad3-B (n = 36; total number of cells in gel 
2,856); control (n = 25; total number of cells in gel 3,355); TGF � R3 

(n = 23; total number of cells in gel 1,926); Smad5-A (n = 27; total 
number of cells in gel 2,198), and Smad5-B (n = 29; total number 
of cells in gel 1,686).  b, c  Average percent of total GFP-expressing 
cells scored as epithelial, activated, or transformed. Means are 
derived from 3 separate experiments. Neither Smad1 ( b ) nor 
Smad3 ( c ) caused statistically significant changes in transformed, 
activated, or epithelial cells. For the actual counts and statistical 
analysis, refer to online supplementary table 1. 
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  Par6 Is Required for TGF � 2-Stimulated,
TGF � R3-Dependent EMT 
 Par6 mediates the TGF � -stimulated dissolution of 

tight junctions [Ozdamar et al., 2005]. Recently, we showed 
that the Par6/Smurf1/RhoA pathway is required for EMT 
in endocardial cells [Townsend et al., 2008]. To test the 
hypothesis that TGF � R3-dependent EMT requires Par6, 
we overexpressed TGF � R3 in ventricular  endothelial
cells and incubated explants with either control siRNA or 
siRNA constructs to Par6 as described [Townsend et al., 
2008]. The addition of TGF � 2 to cells infected with virus 
expressing GFP alone did not alter the distribution of cells 
scored as epithelial, activated, or transformed ( fig.  3 a). 
Likewise, the cells infected with virus that expressed 
TGF � R3 and GFP incubated with vehicle had a distribu-
tion comparable to that of cells infected with virus that 
expressed GFP alone (data not shown). However, the ad-
dition of 200 p M  TGF � 2 to cells infected with virus that 
expressed TGF � R3 and GFP resulted in a significant in-
crease in the percent of transformed cells and a concomi-
tant decrease in the percent of cells scored as epithelial. 
Two siRNA constructs targeted against Par6, but not con-
trol siRNA, inhibited the ability of TGF � 2 to stimulate 
EMT in TGF � R3-expressing cells ( fig. 3 a).

  Since Par6 is required for TGF � R3-dependent EMT in 
endocardial cells, we sought to determine whether 
Smurf1, which is activated downstream of Par6 [Oz-
damar et al., 2005], is required for transformation. We 
delivered siRNA constructs to Smurf1 [Townsend et al., 
2008] to ventricular endocardial cells infected with ade-
novirus expressing either GFP alone or TGF � R3 and 
GFP. The addition of 200 p M  TGF � 2 resulted in a sig-
nificant increase in the percent of transformed cells and 
a concomitant decrease in the percent of cells scored as 
epithelial. Incubation with siRNA to Smurf1, but not con-
trol siRNA, inhibited the ability of TGF � 2 to stimulate 
EMT in TGF � R3-expressing cells ( fig. 3 b) Taken togeth-
er, these data demonstrate that the Par6/Smurf1 pathway 
is required for TGF � R3 and TGF � 2-stimulated EMT.

  Par6 is Required for BMP-2-Stimulated,
TGF � R3-Dependent EMT 
 To determine whether BMP-2-stimulated, TGF � R3-

dependent EMT requires the Par6 pathway, we initially 
wondered whether ALK5 kinase activity was required 
since ALK5 is known to interact with Par6 directly [Oz-
damar et al., 2005]. We overexpressed TGF � R3 in ven-
tricular endothelial cells and incubated explants in the 
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  Fig. 3.  The Par6c pathway is required for TGF   � 2-stimulated, 
TGF � R3-dependent ventricular endocardial cell EMT. Average 
percent of total GFP-expressing cells scored as epithelial, activat-
ed, or transformed. Means are derived from 3 separate experi-
ments. All explants were given 200 p M  TGF   � 2. GFP served as a 
negative control to determine the basal level of transformation. 
TGF � R3 induced statistically significant increases in trans-
formed cells with a concomitant decrease in epithelial cells.              a  The 
addition of 2 independent siRNA constructs targeted against 

Par6c blocked EMT versus control siRNA. For the actual counts 
and statistical analysis, refer to online supplementary table  1.
 b  The addition of 2 independent siRNA constructs targeted 
against Smurf1 blocked EMT versus control siRNA. For  a  and
 b ,  *  *  *  denotes significance versus ligand-incubated GFP-only-
expressing explants whereas  ††  and  †††  denote significance versus 
ligand-incubated TGF � R3- and GFP-expressing explants. For the 
actual counts and statistical analysis, refer to online supplemen-
tary table 1. 
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presence or absence of 2.5  �  M  of the ALK5 kinase inhibi-
tor, SB431542, plus or minus 5 n M  BMP-2. The addition 
of BMP-2 to cells infected with virus expressing GFP 
alone did not alter the distribution of cells scored as epi-
thelial, activated, or transformed ( fig. 4 a). Cells infected 
with virus that expressed TGF � R3 and GFP incubated 
with vehicle had a distribution comparable to that of cells 
infected with virus that expressed GFP alone (data not 

shown). In contrast, the addition of 5 n M  BMP-2 resulted 
in a significant increase in the percent of transformed 
cells and a concomitant decrease in the percent of cells 
scored as epithelial. These data are consistent with our 
prior report that BMP-2 stimulates endocardial cell EMT 
in a TGF � R3-dependent manner [Kirkbride et al., 2008]. 
Incubation with SB431542 inhibited the ability of BMP-2 
to stimulate EMT in TGF � R3-expressing cells, suggesting 
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  Fig. 4.  The Par6c pathway is required for BMP-2-stimulated, 
TGF   � R3-dependent ventricular endocardial cell EMT.    a–d  ALK5 
is required for AVC and TGF       � R3-dependent ventricular endo-
cardial cell EMT.                a  ALK5 inhibitor blocks BMP-2-stimulated, 
TGF                 � R3-dependent EMT. Average percent of total GFP-express-
ing cells scored as epithelial, activated or transformed. Means are 
derived from 3 separate experiments. All ventricular explants 
were given 5 n M  BMP-2. GFP served as a negative control to de-
termine the basal level of transformation. TGF � R3 induced sta-
tistically significant increases in transformed cells with a con-
comitant decrease in epithelial cells. This effect was abolished in 
the presence of ALK5 kinase inhibitor SB431542.  b  ALK5-target-
ed siRNA inhibits AVC endocardial cell EMT. Quantification of 
AVC endocardial cells migrated into collagen gel. Data are de-
rived from 3 independent experiments normalized to control 
(LO) siRNA. Endocardial cells from AVC explants given control 
siRNA transform on collagen gels, whereas 2 independent siRNA 
constructs targeted to ALK5 inhibit transformation. Control 
 siRNA: normalized to 100%, ALK5-A siRNA: 31  8  1.2%, and 
ALK5-B siRNA: 27  8  0.5%. Two-tailed Student’s t test (control 
vs. treatment) ALK5-A: p = 0.0003 ( *  *  *  p  !  0.001) and ALK5-B:
p = 0.000042 ( *  *  *  p  !  0.001). The number of AVC explants exam-
ined and cells in each category were as follows: control (n = 30; 
total number of cells in gel 4,694), n = number of explants; ALK5-
A (n = 30; total number of cells in gel 1,463), and ALK5-B (n = 30; 
total number of cells in gel 1,284).  c  ALK5-targeted siRNA inhib-
its TGF � 2-stimulated, TGF � R3-dependent ventricular endocar-

dial cell EMT. Average percent of total GFP-expressing cells 
scored as epithelial, activated, or transformed. Means are derived 
from 3 separate experiments. All ventricular explants were given 
200 p M  TGF � 2. GFP served as a negative control to determine the 
basal level of transformation. TGF � R3 induced statistically sig-
nificant increases in transformed cells with a concomitant de-
crease in epithelial cells. This effect was abolished in the presence 
of 2 independent siRNAs targeted against ALK5.   
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that ALK5 kinase activity is required for BMP-2-stimulat-
ed EMT. Incubation with SB431542 did not alter the dis-
tribution of cells expressing TGF � R3 and incubated with 
vehicle. These data are consistent with prior data using 
ALK5 kinase inhibitors in the AVC and in TGF � 2-stim-
ulated, TGF � R3-dependent EMT [Townsend et al., 2008].

  To further establish a role for ALK5 we used 2 indepen-
dent siRNAs to ALK5 [Mercado-Pimentel et al., 2007]. 
Initially, we delivered these constructs to AVC explants 
from stage 14 embryos. Following incubation with siRNA 
[Townsend et al., 2008] explants were placed on a collagen 
gel and fixed and scored after 48 h. As compared to con-
trol siRNA, each siRNA construct to ALK5 decreased the 
number of transformed cells by 60% ( fig. 4 b). To address 
the role of ALK5 downstream of TGF � R3, we overex-
pressed TGF � R3 in ventricular endothelial cells and
incubated explants with either control siRNA or 1 of 2
siRNA constructs to ALK5. The addition of TGF � 2
( fig. 4 c) or BMP2 ( fig. 4 d) to cells infected with virus ex-
pressing GFP alone did not alter the distribution of cells 
scored as epithelial, activated, or transformed. Cells infect-
ed with virus that expressed TGF � R3 and GFP incubated 
with vehicle had a distribution comparable to that of cells 

infected with virus that expressed GFP alone (data not 
shown). However, the addition of 200 p M  TGF � 2 ( fig. 4 c) 
or 5 n M  BMP-2 ( fig. 4 d) to cells infected with virus that 
overexpressed TGF � R3 and GFP resulted in a significant 
increase in the percent of transformed cells and a concom-
itant decrease in the percent of cells scored as epithelial. 
This ability to undergo EMT is abolished by the addition 
of 2 independent siRNA constructs targeted against ALK5 
( fig. 4 c, d). Therefore, both TGF � 2- and BMP-2-stimulat-
ed, TGF � R3-dependent EMT require ALK5.

  To further test the hypothesis that BMP-2-stimulated, 
TGF � R3-dependent EMT requires the activation of the 
Par6 pathway, we overexpressed TGF � R3 in ventricular 
endothelial cells and incubated explants with either con-
trol siRNA or siRNA constructs to Par6 as above. Incuba-
tion with siRNA against Par6, but not control siRNA, 
 inhibited the ability of BMP-2 to stimulate EMT in 
 TGF � R3-expressing cells ( fig. 4 e). Similarly, incubation 
with siRNA against Smurf1, but not control siRNA, 
 inhibited the ability of BMP-2 to stimulate EMT in 
 TGF � R3-expressing cells ( fig.  4 e). These data demon-
strate that Par6 and Smurf1 are required for BMP-2-stim-
ulated, TGF � R3-dependent EMT in endocardial cells.
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  Fig. 4.  The Par6c pathway is required for BMP-2-stimulated, 
TGF   � R3-dependent ventricular endocardial cell EMT.    a–d  ALK5 
is required for AVC and TGF       � R3-dependent ventricular endo-
cardial cell EMT.  d ,  e  BMP-2-stimulated, TGF � R3-dependent 
ventricular endocardial cell EMT requires intact ALK5/Par6c/
Smurf1 pathway signaling. Average percent of total GFP-express-
ing cells scored as epithelial, activated or transformed. Means are 
derived from 3 separate experiments. All ventricular explants 
were given 5 n M  BMP-2. GFP served as a negative control to de-
termine the basal level of transformation. TGF � R3 induced sta-

tistically significant increases in transformed cells with a con-
comitant decrease in epithelial cells. This effect was abolished in 
the presence of 2 independent siRNAs targeted against ALK5 ( d ) 
or 2 independent siRNAs ( e ) targeted to either Par6c or Smurf1. 
For  a ,  c–e ,  *  denotes significance versus ligand incubated GFP-
only-expressing explants whereas  ††  denotes significance versus 
ligand-incubated TGF � R3- and GFP-expressing explants. For the 
actual counts and statistical analysis, refer to online supplemen-
tary table 1. 
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  Discussion 

 TGF � R3 facilitates signaling via TGF � R1/TGF � R2 
but also appears to play a unique and nonredundant role 
in TGF �  signaling. Three lines of evidence support a 
unique role for TGF � R3 in mediating the actions of 
TGF � . First, TGF � R3 is required for AVC endothelial cell 
transformation in vitro   [Brown et al., 1999]. Second, the 
deletion of  Tgfb2 , which requires TGF � R3 for binding, 
results in embryos with a unique and nonoverlapping 
phenotype compared to  Tgf  �  1 - and  Tgf  �  3- null animals 
[Shull et al., 1992]. Finally, the targeted deletion of  Tgfbr3  
results in embryos with defects distinct from those seen 
in  Tgfbr1  and  Tgfbr2  nulls [Stenvers et al., 2003; Compton 
et al., 2007]. Therefore, the determination of the down-
stream signaling mechanisms of TGF � R3 is likely to pro-
vide novel insight into TGF �  signaling in development 
and disease.

  Here we show that TGF � R3-dependent endocardial 
cell EMT stimulated by either TGF � 2 or BMP-2 requires 
both Smad4 and the Par6/Smurf1 signaling pathway. We 
targeted Smad4, the common mediator Smad, and showed 
that Smad signaling is required for EMT in the AVC and 
TGF � R3-dependent EMT stimulated by TGF � 2 or BMP-
2. We also found that the receptor-regulated Smads (1, 2, 
3, and 5) are required for EMT, suggesting that both TGF �  
and BMP pathways regulate EMT. However, overexpres-
sion of Smad1 or Smad3 does not induce EMT in ventric-
ular endocardial cells. Although overexpression of Smad 
does not test for the ability of phosphorylated Smads to 
alter EMT and although Smad phosphorylation in do-
mains outside of the receptor-regulated phosphorylation 
of the carboxy terminus domain may modulate Smad sig-
naling [Hayashida et al., 2003], our data suggest that Smad 
signaling, although required for endocardial cell EMT, is 
not sufficient for EMT. Prior work examined the role of 
the inhibitory Smad, Smad6, in endocardial cell EMT and 
valve formation.  Smad6 -null mice have valvular hyper-
plasia suggesting either enhanced EMT or mesenchymal 
cell proliferation in the cushions [Galvin et al., 2000]. 
Overexpression of Smad6 in the AVC decreased EMT 
[Desgrosellier et al., 2005]. Since ALK2 activates Smad1 
and Smad6 blocks Smad1 signaling [Hata et al., 1998], 
these data are consistent with the known role of ALK2 in 
endocardial cell EMT [Desgrosellier et al., 2005; Wang et 
al., 2005]. Our current data suggest that the ALK2 activa-
tion of Smad1 alone is not sufficient to induce EMT and 
that the activation of additional signaling pathways is re-
quired. In the canonical TGF �  signaling pathway, ligand 
binding activates ALK5 kinase activity followed by the 

phosphorylation and subsequent nuclear translocation of 
Smads [Wrana et al., 1994]. Our prior [Townsend et al., 
2008] and current studies reveal a requirement for ALK5 
activity downstream of TGF � R3 but suggest that Smad3 
activation alone is not sufficient for endocardial cell trans-
formation.

  The TGF � -dependent dissolution of tight junctions in 
NMuMG cells occurs via the Par6/Smurf1/RhoA path-
way and is disassociated from Smad activation [Ozdamar 
et al., 2005]. We tested whether this pathway regulates 
TGF � R3-dependent EMT in endocardial cells. Overex-
pression of TGF � R3 in ventricular endocardial cells, fol-
lowed by TGF � 2 addition, results in endocardial cell 
EMT. We previously demonstrated that ALK5 kinase ac-
tivity is required for TGF � R3-dependent EMT [Townsend 
et al., 2008]. ALK5 activity is required for the activation 
of Par6 [Ozdamar et al., 2005]. To target the Par6/Smurf1/
RhoA pathway we used siRNA against Par6 and Smurf1 
[Townsend et al., 2008]. Consistent with the activation of 
this pathway downstream of TGF � R3, targeting either 
Par6 or Smurf1 significantly inhibited EMT. The demon-
strated requirement for ALK5 activity, Par6, and Smurf1 
for TGF � R3-dependent endocardial cell EMT is consis-
tent with the documented role of this pathway in the dis-
solution of tight junctions associated with RhoA degra-
dation [Ozdamar et al., 2005; Townsend et al., 2008]. The 
regulation of endothelial cell junctional complexes is im-
portant during embryonic development, angiogenesis, 
and leukocyte extravasation [Dejana et al., 2001; Wallez 
and Huber, 2007]. Further, the ubiquitination of RhoA by 
Smurf1 may play a role in regulating cell shape change 
and motility [Bryan et al., 2005; Sahai et al., 2007]. There-
fore, TGF � R3 may access this pathway to regulate these 
processes in response to ligand in several tissues.

  Recently, we showed that TGF � R3 binds several BMP 
ligands, including BMP-2, BMP-4, BMP-7, and GDF-5 
[Kirkbride et al., 2005]. The BMP subfamily has 20 mem-
bers with essential roles in development and bone forma-
tion [Zhao, 2003; Miyazono et al., 2005]. Specific BMPs 
elicit distinct effects, yet the mechanism by which a lim-
ited number of receptors mediate these effects is un-
known. BMP-2 stimulates endocardial cell EMT in a 
TGF � R3-dependent fashion proving the functional sig-
nificance of BMP-2 binding to TGF � R3 [Kirkbride et al., 
2005]. Here we show that BMP-2-stimulated, TGF � R3-
dependent EMT requires ALK5 and Smad4. As with 
TGF � 2 stimulation, BMP-2-stimulated endocardial cell 
EMT requires Par6 and Smurf1, suggesting that the
Par6/Smur1/RhoA pathway is activated downstream of 
TGF � R3 via ALK5 in response to both ligands.
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  Mechanistically, how might TGF � R3 signal through 
these diverse pathways to regulate both TGF � 2 and BMP-
2-stimulated endocardial cell EMT? Signaling through 
Smad2/3, Smad1/5, and Smad4 is likely mediated, at least 
in part, by the traditional role of TGF � R3 in binding 
TGF �  superfamily ligands [Lopez-Casillas et al., 1993; 
Kirkbride et al., 2008] and presenting these ligands to 
their respective TGF �  superfamily receptors to enhance 
signaling [Lopez-Casillas et al., 1993; Kirkbride et al., 
2008]. However, TGF � R3 forms complexes with TGF �  
superfamily receptors and with the scaffolding molecules 
GIPC [Blobe et al., 2001a] and  � -arrestin2 [Chen et al., 
2003], and it has been demonstrated to regulate TGF �  
superfamily receptors trafficking through these interac-
tions to regulate TGF �  superfamily signaling through 
both Smad and non-Smad signaling pathways [Chen et 
al., 2003; You et al., 2007; Finger et al., 2008a; Lee et al., 
2009]. In addition, TGF � R3, through its interaction with 
 � -arrestin2, has been demonstrated to mediate signaling 
to non-Smad pathways, including the NF-kB pathway 
[You et al., 2009], and to Cdc42 [Mythreye and Blobe, 
2009b], independently of other TGF �  superfamily recep-
tors. Finally, as with other proteoglycan coreceptors 
[Mythreye and Blobe, 2009a], TGF � R3 might function as 
a structural/adaptor protein to regulate cell adhesion and 
migration during EMT. The relative contribution of these 
diverse roles of TGF � R3 to regulating endocardial cell 
EMT is currently being explored.

  In addition to a prominent role during embryonic de-
velopment, EMT also has a defined role in mediating sev-
eral key steps in the metastatic cascade during cancer 
progression, including invasion through the basement 
membrane, intravasation, and extravasation [Thiery, 
2002]. Accordingly, just as TGF � R3 has been demon-
strated to have a role in developmental EMTs in the heart 
[Brown et al., 1999] and palate [Nakajima et al., 2007], 
TGF � R3 has been defined as having a role in EMTs dur-
ing pancreatic cancer progression [Gordon et al., 2008, 
2009] as well as being implicated in breast [Reeves et al., 
2001] and skin [Levy and Hill, 2005] EMT models. In-
deed, the physiological role of TGF � R3 in inhibiting mi-
gration and invasion associated with EMT may be a ma-
jor mechanism by which TGF � R3 functions as a suppres-
sor of cancer progression or as a metastasis suppressor in 
a broad spectrum of human cancers [Dong et al., 2007; 
Hempel et al., 2007; Turley et al., 2007; Finger et al., 2008b; 
Gordon et al., 2008]. These studies suggest that TGF � R3 
is another common regulator shared during both devel-
opmental and cancer-associated EMT. The mechanism 
by which TGF � R3 expression is regulated during EMT 

and by which TGF � R3 functions to regulate EMT during 
both development and cancer progression is currently 
under investigation.

  Our demonstration that both BMP-2 and TGF � 2 use 
TGF � R3 to access the pathway required to regulate en-
docardial cell EMT (online suppl. fig. S4) has several im-
plications. First, these data force us to consider the role of 
BMP-2 signaling in the interpretation of the phenotype 
of the  Tgfbr3- null mouse. Ablation of BMP-2 from the 
myocardium during development results in failure of the 
TGF � R3-expressing endothelial cells in the adjacent 
valve-forming region of the heart to undergo EMT [Ma 
et al., 2005; Rivera-Feliciano and Tabin, 2006] while the 
deletion of TGF � 2 allows EMT but results in inappropri-
ate remodeling of the cushion associated with valvular 
hyperplasia [Sanford et al., 1997; Bartram et al., 2001]. 
These data suggest that a second TGF � R3-independent, 
BMP-2-stimulated pathway is present in endocardial 
cells to support EMT. However, after transformation,
the resulting mesenchymal cells are dependent upon 
TGF � R3 signaling to support appropriate remodeling of 
the cushion. Second, given that endothelial cell EMT is 
recognized as a mechanism for cardiac fibrosis and can-
cer progression, TGF � R3 may be a potential therapeutic 
target for these processes. Lastly, TGF � R3 is widely ex-
pressed [Blobe et al., 2001b] and is a coreceptor for TGF � s, 
BMPs, and inhibin. Therefore, given the wide tissue dis-
tribution of TGF � R3 and its ability to bind and signal via 
several ligands in the TGF �  superfamily, TGF � R3 is 
poised to integrate TGF �  superfamily signaling at the 
level of the membrane.
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