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MiR-23b and miR-199a Impair Epithelial-to-Mesenchymal
Transition During Atrioventricular Endocardial Cushion
Formation
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Background: Valve development is a multistep process involving the activation of the cardiac endothelium, epithelial-
mesenchymal transition (EMT) and the progressive alignment and differentiation of distinct mesenchymal cell types. Several
pathways such as Notch/delta, Tgf-beta and/or Vegf signaling have been implicated in crucial steps of valvulogenesis. We
have previously demonstrated discrete changes in microRNAs expression during cardiogenesis, which are predicted to target
Bmp- and Tgf-beta signaling. We now analyzed the expression profile of 20 candidate microRNAs in atrial, ventricular, and
atrioventricular canal regions at four different developmental stages. Results: qRT-PCR analyses of microRNAs demonstrated a
highly dynamic and distinct expression profiles within the atrial, ventricular, and atrioventricular canal regions of the develop-
ing chick heart. miR-23b, miR-199a, and miR-15a displayed increased expression during early AVC development whereas
others such as miR-130a and miR-200a display decreased expression levels. Functional analyses of miR-23b, miR-199a, and
miR-15a overexpression led to in vitro EMT blockage. Molecular analyses demonstrate that distinct EMT signaling pathways
are impaired after microRNA expression, including a large subset of EMT-related genes that are predicted to be targeted by
these microRNAs. Conclusions: Our data demonstrate that miR-23b and miR-199a over-expression can impair atrioventricular
EMT. Developmental Dynamics 244:1259–1275, 2015. VC 2015 Wiley Periodicals, Inc.
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Introduction

Valvular heart disease is a major cause of morbidity and mortal-
ity in the adult human population (American Heart Association,
2004). Importantly, congenital valve anomalies as well as a large
subset of adult valve diseases originate as a consequence of
abnormal embryonic development (Hinton et al., 2006, 2008;
Hinton and Yutzey, 2011; Lincoln et al., 2004; Lincoln and Yut-
zey, 2011; Wirrig and Yutzey, 2011; Markwald et al., 2011).

Valve development is a multistep process highly conserved
among different vertebrate species. A series of temporally con-
catenated events occur during valve morphogenesis, starting with
endocardial activation, epithelial-mesenchymal transition (EMT),
differentiation of distinct mesenchymal cell types, and remodel-
ing of endocardial cushion into the definitive valve morphology.
Epithelial-mesenchymal transformation (EMT) constitutes a key
developmental process during valve morphogenesis, which is
finely-regulated (Thiery and Seelman, 2006). EMT requires active

down-regulation of cell-cell adhesion molecules (i.e., cadherins),
degradation of the basement membrane, and remodeling of the cyto-
skeleton leading to the loss of apicobasal cell polarity (Hay, 2005).

At the molecular level, a role for Notch signaling in the regula-
tion of EMT has been thoroughly described (Timmerman et al.,
2004; Westin and Lardelli, 1997). Notch signaling provides com-
petence to endocardial cells to undergo EMT from specific areas
of the heart-forming field before heart tube formation (Drake and
Jacobson, 1988; Vir�agh et al., 1989; Linask and Lash, 1993),
although alternative evidence suggests that such competence is
conferred thereafter, only in a subset of endocardial cushion cells
(Timmerman et al., 2004). After specification, Tgf-b signaling,
through Snail/Slug results in decreased VE-cadherin expression,
allowing endocardial cells to separate, thus activating the mesen-
chymal transdifferentiation programme (for a review see, Arm-
strong and Bischoff, 2004). Concomitantly with the delamination
process, endocardial cells are repopulated by a VEGF-dependent
process (Johnson et al., 2003; for a review see, Armstrong and
Bischoff, 2004). Migratory behavior of differentiating mesenchy-
mal cells is mediated in part by the composition of cardiac jelly,
particularly hyaluronic acid (Camesnisch et al., 2004), which thus
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constitutes a determinant factor shaping the remodeling steps of
valve morphogenesis (Lincoln and Yutzey, 2011; Hinton and Yut-
zey, 2011). Valve morphogenesis is thus a complex developmen-
tal process in which distinct signaling pathways are intricately
involved and interconnected.

MicroRNAs (miRNAs) are a class of small non-coding RNAs
(19–25 nucleotides) that regulate gene expression by targeting
complementary sequences of protein-encoding transcripts, elicit-
ing thereafter translation blockage and/or mRNA degradation
(Bernhart et al., 2006). A single miRNA is predicted to regulate
multiple genes, thus modulating diverse biological processes
(Doench and Sharp, 2004) as well as multiple steps within a single
process (Canfran-Duque et al., 2014). Previous studies in our labo-
ratory have demonstrated that microRNAs are dynamically
expressed during ventricular chamber formation (Chinchilla et al.,
2011). Curiously, our data revealed that differentially expressed
microRNAs display increasing expression profiles during ventricu-
lar maturation. More recent studies have also demonstrated
dynamic microRNA expression profiles during cardiac develop-
ment (Synnergren et al., 2011; Zhou et al., 2014) as well as in left/
right cardiac chambers (Vacchi-Suzzi et al. 2013). Yet to date only
a handful of microRNAs have been functionally characterized. In
this context, miR-1 serves as paradigm of important regulators
during cardiac development (Zhao and Srivastava, 2007).

Over the last decade, a large body of evidence concerning the
role of distinct microRNAs during EMT has been gained. These
data have been obtained mainly in carcinogenesis, a process in
which EMT also plays a highly relevant role (for a recent review,
see Lamouille et al., 2013; Feng et al., 2014; Bouyssou et al.,
2014; Diaz-Lopez et al., 2014). On the contrary, the functional
role of microRNAs has been little studied during cardiac valve
EMT. In this regard, miR-23 has been reported to be required to
restrict endocardial cushion formation by inhibiting Has2 expres-
sion and extracellular hyaluronic acid production in the embry-
onic heart (Lagendijk et al., 2011) and miR-21 plays a necessary
role in cardiac valvulogenesis, through down-regulation of Pdcd4
(Kolpa et al., 2013) in zebrafish. In this study, we sought to obtain
further insights into the functional role of differentially expressed
microRNAs during atrioventricular EMT in the chick embryo.

Results

Differential microRNA Expression During
Atrioventricular Canal Development in Chicken

microRNAs are widely and differentially expressed within the car-
diovascular system, as recently reported (Synnergren et al., 2011;
Chinchilla et al., 2011; Vacchi-Suzzi et al., 2013; Zhou et al.,
2014). To obtain insights into the putative functional role of
microRNAs during cardiac valvulogenesis, we have analyzed by
qRT-PCR the endogenous expression level of 20 candidate micro-
RNAs in the atrial, ventricular, and atrioventricular canal regions
at different developmental stages, selected from those previously
shown to be differentially expressed during cardiogenesis (Chin-
chilla et al., 2011). Our qRT-PCR analyses demonstrated a highly
dynamic expression within the atrial, ventricular, and atrioven-
tricular canal regions of the developing chick heart just before the
onset of EMT (stage HH13) for most of the analyzed microRNAs
(Fig. 1A–D). Two microRNAs (2/20; 10%; miR-27a and miR-206)
are exclusively expressed in the ventricular chambers, two other
microRNAs (2/20; 10%; miR-24, miR-133a) display similar

expression in the AVC compared to the ventricles whereas four
microRNAs (4/22; 20%; miR-1, miR-21, miR-31, and miR-92b)
display similar expression levels in the AVC and atrial chambers
(Fig. 1C). Thus, these microRNAs might therefore play a role in
regulating chamber-specific expression. In addition, miR-15b (1/
20; 5%) displays no significant differences among the distinct car-
diac chambers, whereas three microRNAs (3/20; 15%; miR-140,
miR-221 and miR-363) displayed differences within all cardiac
chambers. Three other microRNAs (3/20; 15%, miR-27b, miR-153,
miR-195) display no expression at all at HH13 stage, but two of
three (miR-27b, miR-153) display differential expression at HH20
(Fig. 1D). We have focused our attention on those microRNAs that
display differential expression in the AVC compared to atrial and
ventricular chambers (5/20; 20%) (Fig. 1A,B). In this regard, three
(3/20; 15%) microRNAs, i.e., miR-15a, miR-23b, and miR-199a,
display increased expression levels in the AVC at HH13 compared
to the atrial and ventricular chambers, suggesting a putative role
in the onset of EMT (Fig. 1A). Curiously, miR-15a also displays
increased AVC expression at HH20 and miR-23b and miR-199a at
HH27 and HH31 (Fig. 1A), respectively, suggesting that it might
play a role during subsequent stages of endocardial cushion
remodeling. Importantly, miR-130a and miR-200a (2/22; �9%)
display decreased expression levels in the AVC at HH13 compared
to the atrial and ventricular chambers (Fig. 1B). Similarly, these
microRNAs display decreased expression levels at later develop-
mental stages suggesting that they might also be required during
subsequent atrioventricular valve development (Fig. 1B).

miR-15a, miR-23b and miR-199a, But Not miR-130a or
miR-200a, Inhibit EMT

As previously stated, five distinct microRNAs display differential
AVC expression at early developmental stages, suggesting a
putative role in the EMT process. To determine the functional sig-
nificance of these microRNAs, AV canal explants were cultured
on collagen gels at the stage in which EMT is just starting (HH17)
(Markwald et al., 1975, 1977; Bolender and Markwald, 1979), and
transfected with the corresponding microRNA precursor for 24
hr. qRT-PCR analyses of pre-miRNA transfected explants nicely
demonstrate a specific over-expression of the corresponding
miRNA as illustrated in Figure 2A,B. Serial confocal image analy-
ses of microRNA transfected and control explants, followed by
quantitative analyses of the percentage of alpha-SMA positive
cells (as a marker of differentiated mesenchymal cells; Scanlon
et al., 2013), demonstrate that over-expression of miR-15a, miR-
23b, and miR-199a significantly block the EMT process in a simi-
lar fashion to positive control explants treated with high glucose
administration (Enciso et al., 2003) (Fig. 2C–K). Importantly,
anti-miR-23b transfection reversed EMT phenotype as compared
to pre-miR-23b treatment (Fig. 2C, J,K). On the other hand, miR-
130a or miR-200a over-expression does not alter EMT process.
No changes in the EMT process were observed in AVC explants
treated with lipofectamine alone or transfected with scrambled
negative controls, respectively (Fig. 2C). Thus, our data illustrate
that miR-15a, miR-23b, and miR-199a can block in vitro EMT. It
is important to highlight in this context that miR-23b and miR-
199 exert a more robust EMT blockage than miR-15a (Fig. 2C). To
further support a functional role of these microRNAs during EMT,
LNA-based in situ hybridization experiments were carried out.
MiR-15a and miR-199a ISH displayed very low expression levels
in the developing heart, precluding the demonstration of
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Fig. 1. microRNA expression profiles in distinct cardiac compartments at different chick developmental stages. A, B: qRT-PCR analyses of atrial,
atrioventricular, and ventricular chambers illustrating the different expression profiles of miR-15a, miR-23b, miR-199a (A), miR-130a and miR-200a
(B) at different developmental stages, i.e., HH13, HH20, HH27 and HH31 stages. miR-15a, miR-23b, and miR-199a display increased expression
levels in AVC, whereas miR-130a and miR-200a display decreased expression levels in AVC at HH13 stage, compared to the atrial and ventricular
regions. C: qRT-PCR analyses of atrial, atrioventricular and ventricular chambers illustrating different expression profile of miR-27a, miR-206, miR-
24, miR-133a, miR-1, miR-21, miR-31, and miR-92 at HH13 and HH20 stages. miR-27a and miR-206 are exclusively expressed in the ventricular
chamber at HH13 stage. miR-24 and miR-133a display similar expression in the AVC compared to the ventricles at HH13 stage. miR-1, miR-21,
miR-31, and miR-92 display similar expression in the AVC compared to the atrial chambers at HH13 stage. D: qRT-PCR analyses of atrial, atrio-
ventricular and ventricular chambers illustrating different expression profiles of miR-15b, miR-140, miR-221, miR-363, miR-27b, and miR-153 at
HH13 and HH20 stages. miR-15b displays no significant differences among the distinct cardiac chambers, whereas miR-140, miR-221, and miR-
363 display differences within all cardiac chambers at HH13 stage. miR-27b and miR-153 display no expression at all cardiac chambers at HH13
stage. Relative levels of expression were normalized using 5S and 6U as internal controls. * P <0.05, ** P <0.01, *** P <0.001.
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significant AVC differential expression by this method (data not
shown). On the other hand, miR-23b ISH demonstrated enhanced
expression of this microRNA in the developing valves as illus-
trated in Figure 3.

miR-23b and miR-199a Differentially Disrupt Key EMT
Signaling Pathways Acting at Different Levels

Cardiac valve development is a highly dynamic developmental
process in which four consecutive steps can be discerned, i.e.,
endocardial cell determination and specification, delamination
and repopulation of these cells, transdifferentiation and migra-
tion into the extracellular matrix, and remodeling of endocardial
cushions. Over the last decade, a large body of knowledge has
been gained as to the distinct signaling pathways, such as Notch/
delta, Tgf-beta/Bmp and Vegf, governing these processes (Westin
and Lardelli, 1997; Yamagishi et al., 1999; Romano and Runyan,
2000; Miquerol et al., 2000; Dor et al., 2001; Kim et al., 2001;

Gaussin et al., 2002; Johnson et al., 2003; Sugi et al., 2004;
Timmerman et al., 2004). In order to investigate whether miR-
15a, miR-23b and miR-199a disrupt distinct signaling pathways
involved in the early stages of cardiac valvulogenesis, HH17 AVC
explants cultured on collagen gels were transfected with micro-
RNA precursors and expression analyses of candidate genes
involved in distinct EMT steps were analyzed by qRT-PCR.

Recently, it has been demonstrated that Notch plays an essen-
tial role controlling EMT cell specification during endocardial
cushion formation (Timmerman et al., 2004). qRT-PCR analyses
demonstrated that Notch1 expression is down-regulated after
miR-23b and miR-199a over-expression, respectively, but not
with miR-15a (Fig. 4A). These data suggest that miR-23b and
miR-199a can modulate endocardial cell specification during
atrioventricular EMT.

Multiple studies have provided substantial evidence on the
important role of Tgf-beta/Bmp signaling, through complex
Tgf-beta and Bmp receptor interaction (including Alk3, TgfbrI/rII,
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Fig. 2. miR-15a, miR-23b, and miR-199a block the EMT process in AVC explant cultures. A, B: qRT-PCR analyses demonstrate selective over-
expression of miR-23b (A) and miR-130a (B) in AVC explants after pre-miRNAs transfection, respectively. C: Quantification of the percentage of
EMT in control, glucose treated, pre-miRNA, and anti-miRNA transfected AVC explants after 24 hr of culture, respectively. As it can be observed,
pre-miR-15a, pre-miR-23b and pre-miR-199a treatment, but not pre-miR-130a and pre-miR-200a, display lower EMT percentage compared to
control and pre-miRNA scrambled conditions, in a similar fashion to high glucose administration control. Note also that anti-miR-23b treatment
reversed the effects of pre-miR-23b over-expression. D–K: Representative microscopy images from AVC explant cultures incubated during 24 hr
in control conditions (D,F,H, and J) and after pre-miRNA-23b (G), pre-miR-199a (I), and anti-miRNA-23b transfection (K), respectively. F corre-
sponds to a positive control of EMT inhibition resulting from pre-incubation with Glucose (Glu) 20 mM. Note that Glu 20 mM, miR-23b and miR-
199a conditions display lower EMT spreading compared to control conditions. Relative levels of expression were normalized using 5S and 6U as
internal controls. * P <0.05, ** P <0.01, *** P <0.001.

1262 BONET ET AL.

 10970177, 2015, 10, D
ow

nloaded from
 https://anatom

ypubs.onlinelibrary.w
iley.com

/doi/10.1002/dvdy.24309 by U
niversidad D

e E
xtrem

adura, W
iley O

nline L
ibrary on [03/03/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



and BmprII) and Smad activation, on the initiation of endocardial
cell delamination and thus EMT progression (Nakajima et al.,
2000; Hata et al., 1998). Synergy between Tgf-beta and Bmp sig-
naling in cardiac cushion explants has been shown to facilitate
EMT (Armstrong and Bischoff, 2004). Tgf-beta signaling leads to
Snail/Slug transcription factor activation, which in turn destabil-
izes cell-cell contacts (VE-cadherin, i.e., Chd5) and promotes
mesenchymal differentiation (alpha-SMA, i.e., Acta2).

Overexpression of miR-15a significantly up-regulates Tgfbr1
and Tgfbr2, down-regulates Smad6 while no changes were
detected for Snail, Cdh5, or Acta2 expression (Fig. 4B–G). miR-
23b overexpression results in significant Tgfbr1, Smad6, Snail,
and Acta2 down-regulation whereas Cdh5 expression is up-
regulated (Fig. 4B–G). However, miR-199a over-expression leads
to no significant changes in Tgfbr1 and Acta2 expression but up-
regulation of Tgfbr2 and Cdh5 and down-regulation of Smad6
and Snail (Fig. 4B–G). Thus, these data suggest that miR-15a,
miR-23b, and miR-199a may modulate the delamination step
during atrioventricular EMT process while only miR-23b seems to
regulate the mesenchymal differentiation step.

Vegf signaling, through activation of Flt1 (Vegfr1) and Kdr
(Vegfr2) receptors and Nfatc1 transcriptional activation, increases
the endothelial valve proliferation and repopulation of the endo-
cardial cells that have undergone EMT (Johnson et al., 2003).
Over-expression of miR-15a significantly increased Vegfr1 and
Vegfr2 expression (Fig. 5A,B) while these receptors were signifi-
cantly down-regulated by miR-23b overexpression (Fig. 5A,B).
Curiously, overexpression of miR-199a leads to significant
Vefgr2 down-regulation (Fig. 5A,B). Thus these data suggest that
miR-15a, miR23b, and miR-199a may also regulate the endocar-
dial EMT repopulation step.

Has2 is responsible for the production of hyaluronic acid
(HA), a key component of endocardial cushion cardiac jelly.
Importantly, Has2-deficient mice have illustrated its importance
as a key substrate to facilitate migration of endocardial cells
during EMT (Camenisch et al., 2000). Our data revealed no
changes in Has2 expression after miR-15a and miR-23b over-

expression, whereas transcript levels significantly decreased
after miR-199a over-expression (Fig. 5C). Thus these data sug-
gest that only miR-199a may regulate the remodeling of extrac-
ellular matrix.

In summary, our data suggest that miR-15a plays a role as reg-
ulator of the delamination/repopulation step while miR-23b and
miR-199a broadly and rather similarly affect expression of multi-
ple genes involved in EMT, respectively, being critical to almost
all cardiac valve developmental pathways analyzed in this study.
Thus, we have focused on the study of miR-23b and miR-199a
aiming to dissect whether these microRNAs act at single or multi-
ple levels within the EMT process.

For this purpose, we have performed rescue assays by over-
expressing miR-23b or miR-199a, respectively, together with
distinct genes functioning at distinct levels in the EMT sig-
naling pathway (Snail, Tbx2, and Bmp2). Specifically, Snail is
located in the lower portion of the signaling pathway,
whereas Tbx2 and Bmp2 are in the middle and upper portion,
respectively. Our results show a partial morphological rescue
when overexpressing miR-23b together with Snail while full
morphological rescue is observed in all other experimental
conditions (Fig. 6A–J).

qRT-PCR analyses of Snai1 as EMT initiation marker, Cdh5 as
delamination marker, and Acta2 as mesenchymal differentiation
marker revealed that over-expression of Snail leads to enhanced
increase of Snai1, a mild decrease in Cdh5 expression, while
Acta2 is unaltered, compared to non-transfected controls (Fig.
6K). Tbx2 over-expression down-regulated Snai1 while cdh5 and
Acta2 are significantly up-regulated (Fig. 6K). On the other hand,
Bmp2 over-expression leads to down-regulation of Snai1, while
Cdh5 is unaltered and Acta2 is up-regulated (Fig. 6K). Overall,
these data illustrate the basal molecular changes occurring after
EMT Snail, Tbx2, and Bmp2 transfection, respectively, which are
essentially in agreement with previous reports. However, in order
to understand if over-expression of these EMT genes can rescue
miRNA function, data analyzed are based on the comparison to
miR-23b and miR-199a transfected explants.
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histological section (B) corresponding to LNA in situ hybridization against miR-23b in HH16 developing chicken hearts. Note that expression of
miR-23b is enhanced in the AV region, displaying positive signal in both the myocardial (arrowhead) and mesenchymal (arrows) component of the
atrioventricular canal. A, atria, OFT, outflow tract; IFT, inflow tract; V, ventricle.
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Fig. 4. Expression profiles of EMT signaling pathways genes in AVC explants after pre-miRNAs transfection. A–G: qRT-PCR analyses demon-
strating different expression levels of distinct genes involved in distinct atrioventricular EMT signaling pathways after pre-miRNAs transfected as
compared to controls. As it can be observed, Tgf-beta signaling is impaired after miR-15a over-expression. On the other hand, miR-13b impairs
the expression of genes involved in Notch and Tgf-beta signaling as well as Snai1, Chd5, and Acta2 expression, in a similar fashion to miR-199a
over-expression (with the exception of Acta2). Relative levels of expression were normalized using Gapdh and Gusb as internal controls.
* P <0.05, ** P <0.01, *** P <0.001.
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In this setting, overexpression of miR-23b together with Snail
leads to Cdh5 and Acta2 down-regulation (Fig. 6L). On the other
hand, overexpression of miR-23b and Tbx2 leads to Cdh5 and
Acta2 up-regulation while no changes were observed for Snail
(Fig. 6M). Finally, overexpression of miR-23b and Bmp2 results
in Cdh5 down-regulation whereas no changes were observed for
Snail and Acta2 (Fig. 6N). Thus these results suggest that in the
context of miR-23b overexpression, Snail and Bmp2 may rescue
delamination but not mesenchymal differentiation as depicted in
Figure 6Q whereas Tbx2 may lead to mesenchymal differentiation
without delamination (Fig. 6P) in contrast to the normal EMT
process as depicted in Figure 60.qPCR analyses of miR-199a and
Snail overexpression lead to up-regulation of Cdh5 and Acta2 in
AVC explants (Fig. 6L) while overexpression of miR-199a either
with Tbx2 or Bmp2, leads in both cases to Snail, Cdh5, and Acta2
up-regulation (Fig. 6M,N). Thus, in the context of miR-199a
overexpression, Snail, Tbx2, and Bmp2 rescue the mesenchymal
differentiation defect but without delamination (Fig. 6P).

Identification of New Genes Modulated by miR-23b
and/or miR-199a During Valve Development

Since miR-23b and miR-199a block the EMT process in a rather
similar fashion and current knowledge of direct targets for these
microRNAs in the EMT context is scarce, we aimed to identify
novel putative EMT-related targets and experimentally dissect if
those could be modulated after miR-23b and/or miR-199a over-
expression in AVC explants. TargetScan predict results in a large
number of transcripts for both miR-23b (�800 transcripts) and
miR-199 (�400 transcripts), respectively. Importantly, only 66
genes share putative target sites for both miR-23b and miR-199a,
respectively. From these 66 genes, we have selected those genes
previously described in the literature that play a role in the EMT
process in any biological context or within any EMT-related sig-
naling pathway (Bmp, Tgf-beta, Vegf, and/or Notch signaling) or
having a cardiac valve expression in E14.5 mouse embryos as
revealed using the Genepaint database (www.genepaint.org).
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Fig. 5. Expression profiles of EMT signaling pathways genes in AVC explants after pre-miRNAs transfection. A–C: qRT-PCR analyses demon-
strating different expression levels of distinct genes involved in distinct atrioventricular EMT signaling pathways after pre-miRNAs transfection
compared to controls. As it can be noted, genes involved in Vegf signaling are altered after miR-15a, miR-23b, and miR-199a over-expression,
respectively. On the other hand, Has2 expression is only impaired after miR-199a transfection. Relative levels of expression were normalized using
Gapdh and Gusb as internal controls.* P <0.05, ** P <0.01, *** P <0.001.
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A total of 14 candidate genes (Abca1, Acvr1c, Dcbld2, Erbb4,
G3bp2, Gja1, Itgb8, Itpk1, Mapre1, Nfia, Qki, Taok1, Wnk1, and
Zeb1) fulfilled those criteria and thus represent putative novel
genes involved in AVC EMT process that could be independently
modulated by miR-23b and/or miR-199a. All these genes, except
Acvr1c, display robust and consistent expression in HH17 AVC
chicken explants (data not shown).

Experimental EMT in vitro assays were performed as previ-
ously described and qRT-PCR analyses demonstrated that most of
these novel candidate genes (10/13; �76%) (Abca1, Dcbld2,
Erbb4, Gja1, Itpk1, Mapre1, Nfia, Qki, Taok1, and Zeb1) were
down-regulated after overexpression of both miR-23b and miR-
199a in AVC explants (Fig. 7A–M), respectively. Two genes
(2/13; �15%) (Wnk1 and Itgb8) were downregulated only when
overexpressed with miR-23b (Fig. 7G, L) while G3bp2 (1/13;
�8%) was up-regulated after overexpression of both miR-23b
and miR-199a, respectively (Fig. 7D). Therefore, we have

identified 13 new genes modulated by miR-23b and miR199a
that may be involved in the EMT process.

Snail Modulates Multiple EMT miR-23b/miR-199a-
Targeted Genes

To obtain further insights into the hierarchical position of these
novel EMT miR-23b/miR-199-targeted genes, their expression
levels were analyzed after overexpression of Snail, Tbx2, and
Bmp2 in AVC explants. Our data demonstrated that overexpres-
sion of Bmp2 leads to up-regulation of Itpk1, Mapre1, and Nfia,
down-regulation of Erbb4, G3bp2, Gja1, Qk1, and Taok1,
whereas no changes were observed for Abca1, Dcbld2, Wnk1,
and Zeb1 (Fig. 8A). Tbx2 overexpression results in up-regulation
of Dcbld2, Itpk1, Nfia, and Zeb1, down-regulation of Erbb4,
G3bp2, Gja1, Qk1, and Taok1, whereas no changes were detected
for Abca1, Mapre1, and Wnk1 (Fig. 8B). Snail overexpression

D
E

V
E

L
O

P
M

E
N

T
A

L
 D

Y
N

A
M

IC
S

Fig. 6. miR-23b and miR-199a act at distinct levels in the EMT signaling pathways. A–J: Inverted microscopy images of AVC explants incubated
during 48 hr after co-transfection with Snail, Tbx2, or Bmp2 together miR-23b or miR-199a, respectively. Total morphological rescue is observed
for all conditions except for miR-23bþSnail condition. K: qRT-PCR analyses of the expression level of distinct EMT markers after transfection with
Snail, Tbx2, and Bmp2 expression vectors, respectively, in AVC explants. Observe that after Snail transfection, Cdh5 is down-regulated while no
changes are observed for Acta2. Tbx2 and Bmp2 transfection leads to selective down-regulation of Snail and up-regulation of Acta2, respectively.
Cdh5 is up-regulated after Tbx2 but not Bmp2 transfection. L–N: qRT-PCR data showing Snai1, Cdh5, and Acta2 expression profiles in AVC
explants incubated for 48 hr after co-transfection of Snail, Tbx2, or Bmp2 together miR-23b or miR-199a, respectively. Snai1 expression is up-
regulated when Tbx2 or Bmp2 is co-transfected with miR-199a, respectively. Cdh5 expression is down-regulated when Snail or Bmp2 is co-
transfected with miR-23b, respectively, while in contrast, it is up-regulated in the other conditions. Acta2 expression is up-regulated in all condi-
tions except when miR-23b is co-transfected with Snail or Bmp2, respectively. O–Q: Schematic representation of the distinct morphogenetic mod-
els of EMT impairment (O, P) or normal development (Q), based on the expression profiles of Cdh5 and Acta2 expression in AVC explants co-
transfected with Snail, Tbx2, or Bmp2 together miR-23b or miR-199a, respectively. O depicts the normal condition, in which VE-cadherin is down-
regulated, allowing endothelial cells to detach and to acquire a mesenchymal phenotype, as revealed by alpha-SMA expression. P: Mesenchymal
differentiation is promoted but cells are unable to detach since VE-cadherin levels are up-regulated. On the contrary, cells are prone to detach but
not mesenchymal phenotype is acquired as depicted in Q. Relative levels of expression were normalized using Gapdh and Gusb as internal con-
trols. * P <0.05, ** P <0.01, *** P <0.001.
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Fig. 7. Expression profile of novel EMT-related genes in AVC explants after pre-miRNAs transfection. A–M: qRT-PCR analyses demonstrating dif-
ferential expression levels of novel EMT-related genes in AVC explants after pre-miRNA transfection as compared to controls (24 hours incubation).
Note that all genes display differential expression when either miR-23 and/or miR-199a was transfected in AVC explants compared to controls.
Importantly, all novel EMT-related genes, except G3bp2, are significantly diminished after pre-miRNA treatment. Relative levels of expression were
normalized using Gapdh and Gusb as internal controls.* P <0.05, ** P <0.01, *** P <0.001.
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Fig. 8. Expression profile of novel EMT-related genes in AVC explants after Snail, Tbx2, or Bmp2 overexpression. A–C: qRT-PCR analyses illus-
trating the differential expression levels of novel EMT-related genes in AVC explants transfected with Bmp2 (A), Tbx2 (B), and Snail (C), respec-
tively after 48 hr of transfection. Red bars delineate those genes significantly down-regulated whereas green bars delineate those genes
significantly up-regulated after corresponding transfection. Grey bars demonstrate no significant differences. It is important to realize that most of
these novel EMT-related genes are similarly regulated by Bmp2 and Tbx2, except for Dcdld2, Mapre1, and Zeb1. Interestingly, Snail regulates all
novel EMT-related genes, except Erbb4 and Taok1. Based on the differentially regulation exerted by transfection with Bmp2, Tbx2, and Snail,
respectively, a schematic representation delineating the plausible location of the different genes in the EMT signaling pathway has been drawn on
D. Relative levels of expression were normalized using Gapdh and Gusb as internal controls. *P < 0.05, **P < 0.01, ***P < 0.001.
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leads to up-regulation of Abca1, Dcbld2, Itpk1, Mapre1, Nfia,
Wnk1, and Zeb1 (Fig. 8C) while G3bp2, Gja1, Itgb8, and Qk1
were down-regulated (Fig. 8C), indicating that these three genes
are induced and inhibited, respectively, by Snail. Curiously no
changes were observed in Erbb4 and Taok1 expression levels
suggesting a Snail-independent regulation (Fig. 8C).

Overall these data suggest that Itpk1 and Nfia are induced by
Bmp2, Tbx2, and Snail. Dcbld2 and Zeb1 are induced by Tbx2
and Snail whereas Acba1 and Wnk1 are only induced by Snail.
On the other hand, G3bp2, Gja1, and Qk1 are inhibited by all
three EMT signaling genes, Bmp2, Tbx2, and Snail, while Itgb8 is
inhibited only by Snail as depicted in Figure 8D. In contrast,
Erbb4 and Taok1 expression levels were inhibited after Tbx2
and Bmp2 overexpression (Fig. 8D), but independently of Snail

overexpression. Finally, Mapre1 was inhibited after Snail and
Bmp2 overexpression (Fig. 8D). Thus, these data suggest that
most of the novel EMT miR-23b/miR-199a-targeted genes are
regulated by Snail, providing further insights into their putative
functional and regulatory role during atrioventricular EMT.

Snail-Mediated Transcriptional Activity Partially
Overrules miR-23 and miR-199 Mediated Post-
Transcriptional Regulation

To get further insights into the intricate complexity of transcrip-
tional and post-transcriptional regulatory mechanisms governing
EMT signaling, we explored whether Snail transcriptional
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Fig. 9. Expression profile of novel EMT-related genes in AVC explants after overexpression of Snail, Tbx2, or Bmp2 together with miR-23b or
miR-199a. A,B: qRT-PCR analyses illustrating the differential expression levels of novel EMT-related genes in AVC explants co-transfected with
Snail together miR-23b or miR-199a as compared to controls (pre-miRNA transfection alone, respectively). Red bars delineate those genes signifi-
cantly down-regulated whereas green bars delineate those genes significantly up-regulated after corresponding transfection. Grey bars demon-
strate no significant differences. Note that Snail overexpression compensates the effect caused by miR-23b for most of the analyzed novel EMT-
related genes (A), whereas it only compensates a subset in the context of miR-199a transfection (B). Relative levels of expression were normalized
using Gapdh and Gusb as internal controls. *P<0.05, **P<0.01.
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transactivation is able to compensate for the effect caused by
microRNA-mediated post-transcriptional regulation. For this pur-
pose, we performed rescue assays by co-transfecting Snail
together with miR-23b and miR-199a in HH17 AVC explants and
comparing them with miR-23b transfected explants for genes
previously reported to be downstream of Snail (Fig. 9).

Our results show that after co-expression of Snail and miR-
23b, six genes (6/10; 60%; Dcbld2, Gja1, Itpk1, Nfia, Qki, and
Wnk1), were significantly up-regulated, two (2/10; 20%; Abca1
and Mapre1) were significantly down-regulated, whereas no sig-
nificant differences were observed for the expression of Itgb8 and
Zeb1 (2/10; 20%) as compared to control condition with pre-
miR-23b overexpression alone (Fig. 9A). Thus these data suggest
that Snail over-expression can compensate for the inactivation
mediated by miR-23b in most of the cases (Fig. 9A).

Similarly, co-expression of Snail together miR-199a leads to
significant up-regulation of four genes (4/8; 50%; Dcbld2, Gja1,
Qki and Zeb1), significant down-regulation of Abca1 (1/8;
12.5%), while no significant changes were observed for other
three genes (3/8; 37.5%; Itpk1, Mapre1, and Nfia), Thus these
data suggest that Snail over-expression can compensate for the
inactivation mediated by miR-199a only in a subset of the ana-
lyzed genes (Fig. 9B).

Overall, these results demonstrate that Snail rescues the
expression levels of a subset of genes (Dcbld2, Gja1, and Qki)
after miR-23b or miR-199a overexpression, but not in all cases,
suggesting a large impact of post-transcriptional regulatory
mechanisms in EMT signaling.

Discussion

Cell specification and differentiation is governed, in multiple
cases, by the onset of discrete gene expression domains during
embryonic development (Srivastava and Olson, 2000). In this
context, multiple genes have been reported to display regional-
ized expression patterns during cardiogenesis (Franco et al.,
1998). In this study, we provide evidence for the first time that
microRNA expression is also regionalized during heart develop-
ment. qRT-PCR analysis demonstrates a highly dynamic and
chamber-enriched differential expression for multiple microRNAs
within atrial, ventricular, and atrioventricular canal regions of
the developing chicken heart. Such enhanced expression patterns
in the atrial or ventricular chambers, respectively, suggest a plau-
sible role for these microRNAs in regulating chamber-specific
expression, such as those genes revealing chambered restricted
expression, i.e., sarcomere genes (Franco et al., 1998). In accord-
ance with this notion, miR-1 has been reported to inhibit a-
myosin heavy chain expression during embryonic stem cell dif-
ferentiation (Takaya et al., 2009). We have focused our attention
on those microRNAs differentially expressed in the AVC. Pre-
microRNA over-expression assays have demonstrated that those
microRNAs with enhanced expression in the AVC (miR-15a,
miR-23b, and miR-199a) are those exerting a more robust EMT
inhibition phenotype on overexpression in vitro, whereas over-
expression of those microRNAs under-represented in the develop-
ing AVC (miR-130a and miR-200a) are unable to block EMT.

miR-15 Has a Discrete Impact on EMT Signaling

miR-15a has been demonstrated to down-regulate several genes
involved in EMT, such as, e.g., Vegf, Bmi-1, and AP4, in multiple

cancer types (Peinado et al., 2007; Bhattacharya et al., 2009; Roc-
caro et al., 2009; Yang et al., 2010; Zhai and Ju, 2011; Guo et al.,
2011, 2014; Zheng and Kang, 2013; Shi et al., 2014); however, to
date no functional role has been reported for this microRNA dur-
ing cardiovascular development. In this study, we provided evi-
dence that miR-15 overexpression significantly blocks EMT in
chick embryonic AVC explants. Consistent with previous reports,
miR-15a modulates Vegf signaling, by increasing expression lev-
els of Vegfr1 (Flt1) and Vegfr2 (Kdr). In addition, we demonstrate
that Tgf-beta signaling, i.e., Tgfbr1 and Tgfbr2, is also signifi-
cantly up-regulated. Surprisingly, Snail, Cdh5, and Acta2 are not
significantly modified, supporting the notion that only a subset
of EMT signaling pathways are altered and consistent with the
fact that EMT is only partially impaired.

miR-23b Acts at Multiple Levels During EMT Signaling

miR-23b is significantly up-regulated in the AVC region during
chicken embryonic development and miR-23b over-expression
consistently impaired EMT in embryonic chicken AVC explants.
Several previous lines of evidence demonstrated that miR-23b
has a pivotal role in EMT signaling by down- and up-regulating
Snai1 and E-cadherin, respectively, in prostate cancer (Majid
et al., 2012). Similarly, miR-23b is capable of down-regulating
Notch1 expression in dendritic cells (Zheng et al., 2012). In agree-
ment with these reports, we demonstrate herein that miR-23b
consistently down-regulates Notch1 and Snai1 and up-regulates
Cdh5 during EMT process of chicken embryonic AVC explants. In
addition, we also provide novel insights into the regulatory roles
of miR-23b in Tgf-beta and Vegf-signaling, since Tgfbr1, Tgfbr2,
Smad6, Vefgr1, and Vegfr2 are also significantly down-regulated
after miR-23b over-expression. Lagendijk et al. (2011) demon-
strated that miR-23 is required to restrict cardiac valve formation
by inhibiting Has-2 in zebrafish embryos. Furthermore, these
authors demonstrated that miR-23 inhibited a Tgf-b-induced
EMT in mouse endothelial cells (Lagendijk et al., 2011). Whereas
our data corroborate previous findings reported by Lagendijk
et al. (2011) on the functional role of miR-23 regulating Tgf-beta
signaling, we were unable to detect changes on Has-2 expression
after miR-23 over-expression in chicken AVC explants. While
further experimental assays will be needed to investigate these
functional differences between species, the fact that no predictive
miR-23b target binding site (as revealed by Targetscan software:
http://www.targetscan.org/) is identified in chicken Has2 gene
might underlie such species-specific differences. Taken together,
our data demonstrate that miR-23b modulates multiple genes
during EMT signaling. Furthermore, our co-transfection assays of
Snail, Tbx2, Bmp2, and miR-23b show for the first time that
miR-23b acts at multiple levels during EMT signaling.

miR-199 Also Significantly Blocks AVC EMT Signaling
at Multiple Steps

Similarly to miR-23b, miR-199 is notably increased in the
chicken AVC region during embryonic development and over-
expression of miR-199 in AVC explants leads to significant EMT
impairment. Little information is available concerning the role of
miR-199a during cardiovascular development as well as during
EMT in distinct biological contexts, including oncogenesis. None-
theless, it is important to highlight that a functional role for miR-
199 in regulating E-cadherin (Hu et al., 2014), Smad1 (Lin et al.,
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2009), Smad4 (Zhang et al 2012), Erbb2 and Erbb3 (He et al.,
2012) has been reported in other biological settings. Thus, we
provide herein evidences for the first time that miR-199 impairs
Notch1 and Vegf signaling (Vegfr2) in chicken AVC explants. In
addition, our data further demonstrate that Tgf-beta signaling
(Tgfbr2 and Smad6) is modulated by miR-199, having thus a
biological impact on the most downstream cascade of AVC EMT
signaling, i.e., Snai1 and Cdh5 expression. Furthermore, our res-
cue experiments demonstrate that Bmp2, Tbx2, and Snail overex-
pression demonstrate that miR-199a acts mainly downstream of
Snail in the EMT signaling pathway. However, we cannot exclude
the possibility that miR-199 may act upstream of Bmp2 or even
upstream Notch1.

Multiple miR-23b/miR-199-Modulated Genes Involved
in EMT Signaling

Post-transcriptional regulation by a single microRNA can poten-
tially mediate modulation of hundreds to thousand transcripts
(Bartel, 2004). However, deciphering which of the predicted targets
is indeed modulated by such microRNA is time and tissue-specific
dependent. We have envisioned a simple shortcut to enriched
putative miR-23 and/or miR-199 targets in the context of AVC
EMT signaling, by selecting predicted targets that shared putative
binding sites from both microRNAs, followed by performing a
literature-based search for previous involvement on these genes in
EMT signaling and/or displaying endocardial cushion expression
during embryonic development. Our in silico analysis resulted in
the identification of 14 genes meeting the selection criteria, all of
which are either deregulated after miR-23b or miR-199 overex-
pression in AVC explants, and most of them by both microRNAs
(12/13;�92%). Moreover, most of these genes are regulated by
Snail (11/13; �84%; Abca1, Dcbld2, G3bp2, Gja1, Itgb8, Itpk1,
Mapre1, Nfia, Qki, Wnk1, and Zeb1), with the exception of Erbb4
and Taok1, which are nonetheless regulated by Tbx2. With the
exception of Gja1 and Zeb1, which were previously reported to be
regulated by Snail in other biological contexts (Ryszawy et al.,
2014; Smit and Peeper, 2011; Cipley et al., 2012), our data demon-
strate for the first time that these newly identified genes are regu-
lated by Snail, a critical transcription factor in EMT signaling and
modulated by miR-23b and miR-199, thus supporting a critical
role of these microRNAs in EMT.

Transcriptional and Post-Transcriptional Regulatory
Mechanisms Regulate EMT

Transcriptional as well as post-transcriptional regulatory mecha-
nisms exert control in multiple biological contexts (Bartel, 2004)
and as we show here also during EMT signaling in the embryonic
AVC. However, it remains rather obscure which of these mecha-
nisms has the more robust impact on EMT signaling. Thus we
envisioned a competition assay by over-expressing Snail con-
comitantly with miR-23 or miR-199, respectively, and assessing
expression of distinct Snail-dependent and miRNA-dependent
genes. Our result demonstrated that in both microRNA over-
expression contexts (miR-23b and miR-199, respectively), Snail
was able to compensate the effect caused by these microRNAs in
approximately half of these genes (miR-23b, 6/10¼60%; Dcbld2,
Gja1, Itpk1, Nfia, Qki, and Wnk1; miR-199, 5/9¼ 65%; Dcbld2,
G3bp2, Gja1, Qki, and Zeb1). Therefore, these results seem to
indicate transcriptional and post-transcriptional regulation is

equally robust in controlling expression of EMT-downstream
genes, and support the conclusion that both mechanisms play
pivotal roles during EMT in chicken embryonic AVC explants.

In summary, our data demonstrate that miR-15a, miR-23b, and
miR-199a block significantly the EMT process using HH17 embry-
onic chicken AVC explant culture by modulating distinct EMT
steps. Furthermore, our analyses identified novel genes modulated
by miR-23b and/or miR-199a in the AVC, most of which are also
regulated by Snail, Tbx2, and Bmp2, either increasing or inhibiting
their expression. Overall these data suggest that these genes would
be involved in the atrioventricular EMT, yet additional experi-
ments are required to validate this claim.

Experimental Methods

Tissue Samples

Fertilized eggs from white Leghorn chickens (Granja Santa Isabel,
C�ordoba, Spain) were incubated at 37.5�C and 50% humidity for
2–7 days. Embryos were harvested at different developmental
stages (HH13, HH17, HH20, HH27, and HH31) and classified
according to Hamburger and Hamilton (1951). Embryos were
removed from the egg by cutting the blastocyst margin with ire-
dectomy scissors and placing them into Earle’s balanced salt
solution (EBSS) (Gibco).

For qPCR analyses, hearts were isolated and then atrial, ven-
tricular, and atrioventricular canal regions were dissected out,
pooled (n¼10), and stored at -80�C until used. For in vitro
explants cultures, chicken HH17 atrioventricular canal (AVC)
were dissected in Earle’s balanced salt solution (EBSS) (Gibco)
and cut in two halves to expose the inner endocardial surface to
the collagen gels as previously described (Bernanke and Mark-
wald, 1982), in such a way that the endocardium is in direct con-
tact with the gel surface to facilitate endothelium cell outgrowth.

Transfection of AVC Explants (microRNA precursors
and plasmids)

AVC explants were cultured on collagen gels and incubated for 6
hr at 37�C in a cell culture incubator before pre-miRNAs (micro-
RNA precursors) or plasmid transfection, respectively. Pre-
miRNAs transfections were carried out with Lipofectamine 2000
(Invitrogen), following the manufacturer’s guidelines. Briefly, 85
rM of pre-miRNA were applied to the explants (3–5 explants per
well) for 24–48 hr. Plasmids transfections were also carried out
using Lipofectamine 2000 (Invitrogen) as described above.
Briefly, 500 ng of pcDNA3-Snail (kindly provided by Dr. M.
�Angeles Nieto, Madrid, Spain), pcDNA3-Tbx2 (kindly provided
by Dr. Vincent Christoffels, Amsterdam, The Netherlands) or
pCAGs-Bmp2 alone or premixed with the corresponding pre-
miRNA and Lipofectamine 2000 were applied to the AVC
explants. After 24 hr (pre-miRNAs) and 48 hr (plasmids) of incu-
bation, explants were either processed for qRT-PCR or immuno-
histochemical (IHC) analyses. Negative controls, i.e., AVC
explants treated only with Lipofectamine were run in parallel.
Similarly, positive EMT blockage controls, i.e., AVC explants
treated with high glucose (20 mM), were also assayed. To perform
IHC analyses, the myocardium layer was removed after explant
culture and the remaining tissues were fixed with 1% PFA for 2
hr at 4�C, rinsed for three times in PBS during 10 min, and stored
in PBS at 4�C until further processed. For qRT-PCR analyses,
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AVC explants were carefully dissected, including part of the
underlying collagen gel, placed into 1.5-mL microcentrifuge
tubes, and stored at -80�C until used.

RNA Isolation and qRT-PCR (mRNA and microRNAs)

All qRT-PCR experiments followed MIQE guidelines (Bustin et al.,
2009). RNA was extracted and purified by using Trizol reactive

(Invitrogen) according to the manufacturer’s instructions. For
mRNA expression measurements, 1 mg of total RNA was used for
retro-transcription with Maxima First Strand cDNA Synthesis Kit
for RT-qPCR (Thermo Scientific). Real time PCR experiments were
performed with 1 mL of cDNA, SsoFast EvaGreen mix and corre-
sponding primer sets as described on Table 1. For microRNA
expression analyses, 20 ng of total RNA was used for retro-
transcription with Universal cDNA Synthesis Kit II (Exiqon) and
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TABLE 1. Bonet et al.

Gene Specie Oligo Sequences

Abca1 (NM_204145.2) Gallus gallus GgAbca1 F TACTGTCCGCAGTTTGATGC
GgAbca1 R AATGAGGGCTATTGCTGTGG

Actg2 (NM_205172.1) Gallus gallus GgActg2 F GGCTCAAAGCAAGAGAGGAA
GgActg2 R ATTGGCTTTGGGATTCAGTG

Acvr1c (XM_422170.3) Gallus gallus GgAcvr1c F ACATGGCTCCCGAGATACTG
GgAcvr1c R GGAGCTTCTGCTCACAAACC

Cdh5 (NM_204227.1) Gallus gallus GgCdh5 F ACGCACAAGTTCACGTCATT
GgCdh5 R TGTGAAGAAACCTCCAGGTGA

DcbId2 (NM_001025954.1) Gallus gallus GgDcbId2 F ACGCTACAGCAGCAGTGAAA
GgDcbId2 R AGGCAGTGGTTCAGCATAGG

Erbb4 (NM_001030365.1) Gallus gallus GgErbb4 F CGATGAGGAAGACCTGGAAG
GgErbb4 R CAGGAGCTCTGTACGGCATC

FIt1 (NM_204252.1) Gallus gallus GgVegfr1 (FIt) F GCAGCCAGAAACATCCTTTT
GgVegfr1 (FIt) R ACACATCGCTTTTGGTGTTG

G3bp2 (XM_420536.3) Gallus gallus GgG3bp2 F CGAATAATCCGCTACCCAGA
GgG3bp2 R TCTGGACTGGCTCAGAATCA

Gapdh (NM_204305.1) Gallus gallus GgGapdh F TGTCCTCTCTGGCAAAGTCC
GgGapdh R TGCCCATTGATCACAAGTTT

Gja1 (NM_204586.2) Gallus gallus GgGJja1 F TGCTCTTCCGTTTTCCCTTA
GgGja1 R CCAATAGCAGGATTCGGAAA

Gusb (NM_001039316.2) Gallus gallus GgGusb F CGTACCAGCCACTACCCCTA
GgGusb R TTATCCCTGCGGATCAGTTC

Has2 (NM_204806.1) Gallus gallus GgHas2 F CAGAAATGGGGTGGAAAAAG
GgHas2 R CCTCCAACCATTGGATCTTC

Itgb8 (XM_003640686.1) Gallus gallus GgItgb8 F TTGTGTTCAGTGCCACCATT
GgItgb8 R CAACAAGCAACCCAATCAGA

Itpk1 (NM_001012588.1) Gallus gallus GgItpk1 F TGATGTCATCCGGGAAATCT
GgItpk1 R CAGCAGCTATGTGGTTCAGG

Kdr (NM_001004368.1) Gallus gallus GgVegfr2 (KDR) F CAGGCATGGTCTTCTGTGAA
GgVegfr2 (KDR) R AATCAATTCCCACGTTCAGC

Mapre1 (NM_001030860.1) Gallus gallus GgMapre1 F AAAAAGGCTGCAGGAGATGA
GgMapre1 R GGCGTAAAGGATTTCCACAA

Nfia (NM_205273.1) Gallus gallus GgNfia F CTACTCGACACCCAGCACCT
GgNfia R CTGCTGCTTCCGTGTTACAG

Notch1 (XM_415420.3) Gallus gallus GgNotch1 F GAAGAACGGTGCCAATAAGG
GgGapdh R TGCCCATTGATCACAAGTTT

Qki (NM_204310.2) Gallus gallus GgQki F GGACCCGAAGCTGGTTTAAT
GgQki R GTCTGCGGTCACAATCCTTT

Smad6 (NM_204248.1) Gallus gallus GgSmad6 F CGCACTGCTAACGCTGAG
GgSmad6 R CGTGACGTTGGGTGAGTTC

Taok1 (XM_415829.3) Gallus gallus GgTaok1 F TGCGTGATCTTGAACAGAGG
GgTaok1 R CCTCGGGGGAGAGATTAGAA

Tgfbr1 (NM_204246.1) Gallus gallus GgTgfbR1 F GGAAATTGCTCGTCGATGTT
GgTgfbR1 R TCACAGCTCTGCCATCTGTT

TgfbrII (NM_205428.1) Gallus gallus GgTgfbRII F CGAGCAACTGCAACATCACT
GgTgfbRII R GCTCTGAGCTGGAGTCATCC

Wnk1 (XM_001235130.2) Gallus gallus GgWnk1 F CCGAAAAGGGACTTTCACAG
GgWnk1 R TAGCACCCAGGGAAGATGTC

Zeb1 (NM_205131.1) Gallus gallus GgZeb1 F GCTGCCAATAAGCAAACCAT
GgZeb1 R TGGGGGTGTTGAATCAGAAT
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the resulting cDNA was diluted 1/80. Real time PCR experiments
were performed with 1 mL of diluted cDNA, ExiLENT SYBRVR

Green master mix (Exiqon) and corresponding primer sets
described on Table 1. All qPCRs were performed using a
CFX384TM thermocycler (Bio-Rad) following the manufacturer’s
recommendations. The relative level of expression of each gene
was calculated as described by Livak and Schmittgen (2001)
using Gapdh and Gusb as internal control for mRNA expression
analyses and 5S and 6U for microRNA expression analyses,
respectively. Each PCR reaction was carried out in triplicate and
repeated in at least three distinct biological samples to obtain
representative means.

Immunofluorescence Analysis by Confocal Scanning
Laser Microscopy

Control and transfected AVC explants were collected after 24 hr
of incubation, rinsed in PBS for 10 min at room temperature, and
fixed with 1% PFA for 2 hr at 4�C. After fixation, the explants
were rinsed three times (10 min each) in PBS at room tempera-
ture. The explants were then permeabilized with 1% Triton X-100
in PBS for 30 min at room temperature. To block nonspecific
binding sites, PBS containing 5% goat serum and 1% bovine
serum albumin (Sigma) was applied to the explants overnight at
4�C. As primary antibody, a monoclonal anti-mouse anti-a-SMA
(Sigma) was used, diluted (1:200) in PBS, and applied to the
explants overnight at 4�C. Subsequently, AVC explants were
rinsed three times (for 1 hr each) in PBS to remove excess primary
antibody and incubated overnight at 4�C with Alexa-Fluor 546
anti-mouse (1:100; Invitrogen) as secondary antibody. After
incubation with the secondary antibody, the explants were rinsed
as described above. Finally, AVC explants were incubated with
DAPI (1:1,000; Sigma) for 7 min at room temperature and rinsed
three times in PBS for 5 min each. The explants were stored in
PBS in darkness at 4�C until analyzed using a Leica TCS SP5 II
confocal scanning laser microscope. The ratio of aSMA-positive
cells/total DAPI-positive cells was calculated in all Z-stacks.
Mean average of all Z-stacks was calculated for each experimen-
tal and control condition as a proxy to determine the percentage
of cells undergoing EMT.

LNA In Situ Hybridization

In situ hybridization was performed in chicken embryos ranging
from HH8 to HH20 using double DIG-labeled LNA antisense
probes (Exiqon) as previously described (Darnell et al., 2006).

Statistical Analyses

For statistical analyses of datasets, unpaired Student’s t-tests
were used. Significance levels or P values are stated in each cor-
responding figure legend. P < 0.05 was considered statistically
significant.
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