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Abstract
Background—Formation of the epicardium requires several cellular processes including
migration, transformation, invasion and differentiation in order to give rise to fibroblast, smooth
muscle, coronary endothelial and myocyte cell lineages within the developing myocardium. Snai1
is a zinc finger transcription factor that plays an important role in regulating cell survival and fate
during embryonic development and under pathological conditions. However, its role in avian
epicardial development has not been examined.

Results—Here we show that Snai1 is highly expressed in epicardial cells from as early as the
proepicardial cell stage and its expression is maintained as proepicardial cells migrate and spread
over the surface of the myocardium and undergo epicardial-to-mesenchymal transformation in the
generation of epicardial-derived cells. Using multiple in vitro assays we show that Snai1
overexpression in chick explants enhances proepicardial cell migration at Hamburger Hamilton
Stage (HH St.) 16, and epicardial-to-mesenchymal transformation, cell migration and invasion at
HH St. 24. Further, we demonstrate that Snai1-mediated cell migration requires matrix
metalloproteinase activity, and MMP15 is sufficient for this process.

Conclusion—Together our data provides new insights into the multiple roles that Snai1 has in
regulating avian epicardial development.
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Introduction
The mammalian four-chamber heart is composed of multiple cell lineages with distinct
developmental origins. In addition to the primary and secondary heart fields, an additional
population of epicardial-derived cells contributes to cardiac myocytes and non-muscle cell
types (Schlueter and Brand, 2012). The epicardium is an epithelial cell layer that covers the
outermost layer of the heart and development begins with formation of the proepicardium
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(PE). This extracardiac structure is composed of a cluster of mesothelial cells that overlies
the septum transversum in the mouse and sinus venosus in the chick. At around Hamburger
Hamilton (HH) stage 18–19 in the chicken and embryonic day (E) 9.5 in the mouse, the
proepicardial cells attach to the myocardial surface and migrate over the surface of the
developing heart (Rodgers et al., 2008; Ishii et al., 2010) Following migration, a subset of
these cells undergo epicardial-to-mesenchymal transformation (EpMT) and invade the
underlying subepicardial space and myocardium as epicardially-derived cells (EPDCs).
Subsequently EPDCs differentiate into fibroblast and smooth muscle cell lineages and
additionally contribute to coronary endothelial cells and cardiac myocytes (Dettman et al.,
1998; Gittenberger-de Groot et al., 1998; Cai et al., 2008; Zhou et al., 2008; Smart et al.,
2011; Katz et al., 2012). Previous studies have demonstrated that alterations in PE
formation, cell migration, EpMT and EPDC differentiation affect myocardial maturation
(Kwee et al., 1995; Yang et al., 1995; Gittenberger-de Groot et al., 2000; Lavine et al., 2006;
Lin et al., 2010; Martinez-Estrada et al., 2010; Combs et al., 2011; Smith et al., 2011; von
Gise et al., 2011; Braitsch et al., 2012), however the molecular mechanisms regulating these
processes are not fully understood.

The zinc-finger transcriptional factor Snai1 plays important roles during cardiogenesis
(Timmerman et al., 2004; Lomeli et al., 2009; Schlueter and Brand, 2009; Martinez-Estrada
et al., 2010; Bax et al., 2011; Chen et al., 2012) and we have previously demonstrated its
requirement for endothelial-to-mesenchymal transformation (EMT) and cell motility during
endocardial cushion formation (Tao et al., 2011). In addition to heart valves, Snai1 has also
been implicated in epicardial development. During early stages Snai1 signaling is required
for asymmetric development of the proepicardium on the right side of the chick embryo
(Schlueter and Brand, 2009). While later, Snai1 is highly expressed in murine epicardial
cells and EPDCs (Casanova et al., 2012), however its function in epicardial cells is not fully
understood. A study by Martinez-Estrada et al., shows that Snai1 is a direct target of Wilms’
Tumor 1 (Wt1), a key regulator of epicardial development, and Snai1 is sufficient to rescue
EpMT defects associated with Wt1-null phenotypes (Martinez-Estrada et al., 2010).
However, a more recent report describes normal cardiovascular development in mice with
epicardial-specific deletion of Snai1 (Casanova et al., 2012). While these controversial
studies in mice have provided insights into Snai1 function in the mouse, studies focused on
epicardial development in the chick are limited.

In this study, we determined the role of Snai1 in avian epicardial development using
established in vitro systems. We show that Snai1 is sufficient to enhance PE cell migration
in Hamburger Hamilton Stage (HH St.) 16 explants and induce EpMT in epicardial cells
derived from HH St. 24 chicks. In addition, we demonstrate that Snai1 increases invasion of
cells from the outermost layer of the heart into the underlying myocardium at HH St. 24, and
this process requires matrix metalloproteinase (MMP) activity. More specifically, we report
that overexpression of MMP15 a known downstream target of Snai1 (Tao et al., 2011), is
sufficient to recapitulate increased cell invasion phenotypes observed by Snai1
overexpression. These results suggest that Snai1 plays a role during multiple steps of avian
epicardial development.

Results
Snai1 is expressed throughout epicardial development of the chick

A previous study has described the role of Snai1 during early stages of proepicardial
formation in the chick (Schlueter and Brand, 2009), however its expression pattern has not
been described. To examine this, immunohistochemistry was performed. At HH St. 16,
Snai1 is highly expressed in the majority of mesothelial cells within the proepicardium (PE)
(Figure 1A). Snai1 is maintained during stages of epicardial cell migration and high levels of
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expression are observed throughout the epicardium, as well as in cells within the
subepicardial space at HH St. 31 (Figure 1B). By HH St. 40 (embryonic day 14), Snai1
expression has decreased but remains detectable in the maturing epicardium (Figure 1C).
These expression studies demonstrate that similar to the mouse (Casanova et al., 2012),
Snai1 is highly expressed in the developing epicardium of the chick.

Snai1 is sufficient to enhance avian PE cell migration in vitro
Our lab has previously shown that Snai1 is required for migration of mesenchyme cells
during stages of endocardial cushion formation (Tao et al., 2011). As migration is also
essential for proepicardial cell outgrowth and ‘spreading’ over the myocardium (Kwee et al.,
1995; Yang et al., 1995), we tested the hypothesis that Snai1 plays a similar role in this
process. To do this, HH St. 16 PE explants were cultured and migrating cells were infected
with adenovirus (AdV) expressing full-length GFP-tagged mouse Snai1 (AdV-Snai1) (Tao
et al., 2011) or AdV-GFP that served as a control. Wt1 immunostaining was performed to
confirm the migration of proepicardial cells from the PE explants over the culture plate
(inset, Figure 2A). As indicated in Figure 1C, AdV-Snai1 significantly increased the colony
area covered by migrating proepicardial cells compared to AdV-GFP. Cell proliferation was
not significantly altered in AdV-Snai1 infected explants as indicated by insignificant
changes in Cdk1, Ccne1, pCNA and Ccnd1 expression (data not shown). Previous studies
have shown that PE migration over the myocardial surface requires integrins (Kwee et al.,
1995; Yang et al., 1995; Pae et al., 2008), and therefore fold changes in Integrin-α4 (Itgnα4)
and -β1 (Itgnβ1) expression were examined. In AdV-Snai1 treated explants, both Itgnα4
and Itgnβ1 were significantly increased (Figure 2D), consistent with increased colony area
(Figure 2C). These studies suggest that Snai1 plays a positive role in enhancing PE cell
migration in the developing avian heart.

Snai1 overexpression induces EpMT in avian epicardial cells in vitro
In many developmental and pathological systems, Snai1 has been described as a master
regulator of EMT (Batlle et al., 2000; Cano et al., 2000; Carver et al., 2001) and we have
shown that Snai1 is important for EMT during early stages of valve development (Tao et al.,
2011). In epicardial cells, transformation to a mesenchymal cell fate referred to as
epicardial-to-mesenchymal transformation (EpMT), is essential for the generation of
EPDCs. This cell population serves as precursors to mature fibroblasts, smooth muscle cells,
coronary endothelial cells and possibly cardiac myocytes within the myocardium (Dettman
et al., 1998; Gittenberger-de Groot et al., 1998; Cai et al., 2008; Zhou et al., 2008; Smart et
al., 2011; Katz et al., 2012). Studies in mice have shown that defects in EpMT lead to
underdevelopment of the myocardium and early lethality (Martinez-Estrada et al., 2010;
Smith et al., 2011; von Gise et al., 2011; Acharya et al., 2012; Baek and Tallquist, 2012). To
determine the sufficiency of Snai1 to promote EpMT in the chick, HH St. 24 whole heart
explants were plated and epicardial cell outgrowths were infected with AdV-Snai1 or AdV-
GFP. Using qPCR, levels of murine Snai1 overexpression in AdV-Snai1 assays were
observed at 116822±53795-fold compared to AdV-GFP controls, while endogenous chicken
Snai1 levels were not significantly different. At this time during chick development the
epicardium has formed and EpMT has been initiated. In cell outgrowths infected with AdV-
GFP, GFP+ cells were largely rounded (Figure 3A), while AdV-Snai1 treatment resulted in
less rounded and more mesenchymal shaped cells (Figure 3B, C). In support of Snai1
enhancing EpMT, we examined changes in mesenchyme markers SMA, Fibronectin1 (FN1)
and N-cadherin (N-cad) (Martinez-Estrada et al., 2010; Zhou et al., 2010), in addition to
epicardial cell junction markers E-cadherin (E-cad) (Zhou et al., 2010; von Gise et al., 2011)
and ZO-1 (Austin et al., 2008). Further, SMA, N-cad and FN1 were significantly increased
(Figure 3D-F), while E-cad was decreased following AdV-Snai1 infection (Figure 3F).

Tao et al. Page 3

Dev Dyn. Author manuscript; available in PMC 2014 June 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



These observations suggest that Snai1 is sufficient to enhance mesenchyme cell
transformation of epicardial cells during avian cardiac development.

Snai1 plays an important role in enhancing cell invasion through activation of MMPs
Following EpMT, newly transformed mesenchyme cells invade the myocardium as EPDCs
where they differentiate into several myocardial lineages. Using an approach similar to that
described by others (Dokic and Dettman, 2006; Nesbitt et al., 2009), HH St. 24 whole hearts
were infected with AdV-GFP and the GFP-tagged AdV-Snai1 to label the outermost layer of
cells consistent with the epicardium at an infection efficiency of ~75%. After 48 hours,
tissue sections were prepared from treated whole hearts and the fate of GFP+ cells was
determined. As shown, cells infected with AdV-GFP largely remained on the outermost
layer of the heart (Figure 4A), while cells treated with AdV-Snai1 had invaded deep into the
myocardium (Figure 4B, C). To further support the hypothesis that Snai1 promotes
epicardial cell motility, scratch-healing assays were performed on epicardial cell outgrowths
from HH St. 24 whole heart explants (Figures 4D, E, H) and a primary mouse epicardial cell
line (MEC1) (Li et al., 2011) (Figure 4G-L) following gain and loss of Snai1 function. In
avian epicardial cell outgrowths, cultures infected with AdV-Snai1 showed a greater percent
decrease in scratched area at 24 hours compared to 0 hours, relative to AdV-GFP controls.
Similar observations were observed in AdV-Snai1 infected MEC1 cells (Figure 4G, H) at 6,
12 and 24 hours (Figure 4L). However, significant changes in scratched area were not
detected following successful Snai1 knockdown in MEC1 cells at each time point (Figure
4I-L). Therefore suggesting that Snai1 is sufficient, but not required for epicardial cell
motility.

We have previously shown that MMPs, notably MMP15, are required for Snai1-mediated
cell migration and invasion during endocardial cushion development (Tao et al., 2011).
Therefore, we examined if a similar mechanism is active in motile epicardial cells by co-
treating AdV-Snai1 infected HH St. 24 whole hearts with the pan-MMP inhibitor, GM6001
(Figure 5A, B). As quantitated in Figure 5C, significantly less GFP+ labeled cells invade the
underlying myocardium in AdV-Snai1 infected hearts treated with GM6001 (Figure 5B)
compared to AdV-Snai1, DMSO vehicle (Figure 5A) and AdV-GFP, GM6001 (data not
shown) controls. This significant change in cell invasion was not accompanied by changes
in cell proliferation (Figure 5D). To support a role for MMP15 in this system HH St. 24
whole hearts were transfected with pShuttle-MMP15, a known downstream target of Snai1
(Tao et al., 2011). pShuttle-MMP15 treatment increased the number of invading GFP+ cells
within the underlying myocardium compared to empty pShuttle controls in which GFP+
cells are observed on the outermost layer of the heart (Figure 5E-G). Therefore suggesting
that Snai1 can mediate avian epicardial cell invasion into the myocardium through MMPs.

Discussion
In this study we show that Snai1 is highly expressed in the proepicardium during early
stages of avian epicardial development and expression is maintained in the epicardium
during stages of EpMT. At these early stages our in vitro data suggests that Snai1 is
important for proepicardial cell migration of HH St. 16 explants, a process associated with
formation of the epicardium over the surface of the myocardium. At later stages, Snai1 is
sufficient to enhance EpMT through mechanisms similar to other EMT systems including
downregulation of cell adhesion molecules and increased expression of mesenchymal cell
markers. In addition to enhancing EpMT at HH St. 24, overexpression of Snai1 increases
invasion of cells consistent with the epicardium into the underlying myocardium. Further,
we show that this process requires MMPs, and likely MMP15 as gain of function studies
recapitulate cell invasion phenotypes observed following Snai1 overexpression. Together
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our studies are the first to describe the function of Snai1 during avian epicardial
development.

In many developmental and pathological systems Snai1 serves as a key inducer of
endothelial-to-mesenchymal transformation (EMT) (Carver et al., 2001; Timmerman et al.,
2004; Thiery et al., 2009; Tao et al., 2011). It is known to regulate this process through
direct repression of cell adhesion genes including E-cadherin (Batlle et al., 2000; Cano et al.,
2000) to breakdown endothelial cell-cell interactions and allow for mesenchymal
transformation and migration. Similar to EMT, EpMT also requires cell transformation and
motility and many of the key inducers are shared in these processes (Thiery and Sleeman,
2006; Compton et al., 2007; Zamora et al., 2007; von Gise et al., 2011). The first indication
that Snai1 may also play a role in EpMT came from studies showing decreased Snai1 and E-
cadherin in Gata5-Cre;Wt1loxP/GFP mice that display EpMT defects by E16.5 (Martinez-
Estrada et al., 2010). This study also showed that Wt1 directly binds Snai1 and is sufficient
to rescue EpMT defects in Wt1-knockout embryoid bodies (Martinez-Estrada et al., 2010).
In support, we show for the first time in this study that direct overexpression of Snai1 in
avian epicardial cells enhances EpMT through decreased E-cadherin and increased N-
cadherin, SMA and FN1 (Figure 3). However, it is not yet known if Wt1 functions upstream
of Snai1 in the avian system as other known regulators are also highly expressed and
function in the epicardium, including Tgfβ (Dokic and Dettman, 2006; Austin et al., 2008;
Bax et al., 2011; Sanchez and Barnett, 2012) and Wnts (Wu et al., 2010; Horvay et al., 2011;
von Gise et al., 2011). Similarly, it is considered that Snai1 is not the only effector of Wt1
during EpMT as more recent work has shown that β-catenin and retinoic acid signaling
pathways function downstream and this appears to be independent of changes in E-cadherin
expression (von Gise et al., 2011) and therefore, presumably Snai1. Although our study
strongly suggests that Snai1 is important for avian EpMT, mice with epicardial-specific
deletion of Snai1 display no overt phenotypes (Casanova et al., 2012). It is not clear why
Snai1 is sufficient to enhance EpMT studies in the chick, yet not required in the mouse.
However, this current study largely utilizes gain of function approaches in the avian system,
as opposed to loss of function in the mouse. Therefore, the discrepancies between these two
studies may be dependent on levels of Snai1 function and species. Further, it is considered
that compensatory responses of other Snai family members could play a role in loss of
function studies.

Our data suggests that Snai1 is sufficient to enhance migration of proepicardial cells (Figure
2), while at later stages Snai1 overexpression in cells consistent with the epicardium, leads
to increased cell invasion within the underlying myocardium (Figure 4). This additional role
of Snai1 in cell mobility was recently described by our group during endocardial cushion
development (Tao et al., 2011), and others have shown that high expression levels in cancer
cells lines correlates with cell migration and metastasis (Ota et al., 2009; Thiery et al., 2009;
Wu and Zhou, 2010). From our data, we can conclude that increased cell motility observed
in AdV-Snai1 treated HH St. 24 explants is not associated with cell proliferation, however
we are not able to determine if this is secondary to increased EpMT. Nonetheless, our data
shows that MMPs are required for Snai1-mediated cell invasion as chemical inhibition with
GM6001 attenuates the effects of AdV-Snai1 treatment (Figure 5). Consistent with our
previous studies in endocardial cushions,(Tao et al., 2011) MMP15 gain of function is also
sufficient to promote cell motility in the epicardium (Figure 5E) and recapitulate the effects
of AdV-Snai1 (Figure 5B). As our previous work has shown that Snai1 molecularly interacts
with MMP15 in E13.5 whole heart lysates to repress its transcriptional activity, we
anticipate that this function is conserved in both endocardial and epicardial cell populations.
However, it is clear from Snai1’s more established role during EMT that MMP15 is not the
only downstream target gene in these cell types. Based on its function in other systems, it is
likely that MMP15 facilitates epicardial cell motility by targeting its ECM substrate type IV
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collagen (Hotary et al., 2000; Rebustini et al., 2009), previously shown to mark the
basement membrane of the epicardium (Wu et al., 2010). Thereby facilitating cell movement
from the outer layer of the heart into the underlying myocardium. While it remains unclear if
Snai1-mediated effects on cell invasion are secondary to increased EpMT in our system, we
predict based on our previous studies (Tao et al., 2011), that MMP15 promotes cell invasion
independent of EpMT as overexpression in endocardial cushion explants was not sufficient
to promote EMT. These studies suggest that Snai1 has conserved functions for cell motility
in avian valve endothelial and epicardial cells.

There has been recent focus on the role of epicardial cells in repair of the damaged adult
myocardium (reviewed (Schlueter and Brand, 2012; Smart et al., 2012))(Huang et al., 2012).
In the uninjured adult heart, expression of embryonic epicardial markers including Wt1,
Raldh2 and several FGF ligands and their receptors are not detected. However their
expression is rapidly increased in epicardial cells after cryo injury in the zebrafish heart
(Lepilina et al., 2006) and myocardial infarction (MI) in the mouse (Wagner et al., 2002;
Limana et al., 2010; Zhou et al., 2011). In the murine MI injury model, EpMT is reactivated
resulting in thickening of the epicardial layer, however resulting EPDCs do not invade the
myocardium (Zhou et al., 2011). While it has been concluded in both murine and zebrafish
injury models that the activated epicardium does not directly contribute to the regenerative
adult ventricular myocardium (Jopling et al., 2010; Kikuchi et al., 2010; Kikuchi et al.,
2011), more recent studies have shown that the process occurs by activation of
developmental pathways by epicardial cells acting on resident myocardial cell types
(Lepilina et al., 2006; Kikuchi et al., 2011). In the zebrafish this process is facilitated by
migration of activated epicardial cells to the site of injury (Lepilina et al., 2006), an
observation not noted in the mouse MI model (Zhou et al., 2011). Increased Snai1
expression has not been reported in injured heart models, but based on findings from this
current study it is speculated that in lower vertebrates Snai1 could facilitate migration of
activated epicardial cells to the site of injury, through MMPs to promote regeneration. In
addition, Snai1 may play a role in inducing EpMT in mouse injury models in response to
increased Wt1 (Zhou et al., 2011). This potential role for Snai1 in adult epicardial cells is
consistent with previous reports in human cells showing increased EpMT and Snai1
expression in response to Wt1 and Tgfβ signaling (Bax et al., 2011). However, the need of
EpMT in the injured mouse heart does not appear to be the same as developmental EpMT to
generate a pool of mesenchyme precursor cells, as EPDCs do not directly contribute to the
regenerative myocardium. Although the hypothesis that Snai1 is important for EpMT in
cardiac injury is an attractive one, it is considered that epicardial-specific knockouts of
Snai1 display no developmental defects (Casanova et al., 2012), however this observation in
embryos does not eliminate a role in the adult heart. In closing, this study has revealed new
and previously unappreciated insights into the role of Snai1 in avian epicardial development
and highlights diverse roles in cell migration, transformation and invasion that could have
implications in regeneration of the injured myocardium.

Experimental Procedures
Histology

Whole chicken embryos staged at Hamburger Hamilton stages (HH St.) 16, 31 and 40 were
collected from White Leghorn chicken eggs (Charles River Laboratories) in 1× Phosphate
Buffered Saline (PBS) and fixed in 4% paraformaldehyde (PFA) overnight at 4°C. Fixed
tissues were subsequently processed for paraffin embedding and 6µm tissue sections were
cut as previously described (Peacock et al., 2010). For colorimetric immunohistochemistry,
fixed tissue sections were subject to antigen retrieval by boiling for 10 minutes in
unmasking solution (Vector Laboratories) prior to overnight incubation at 4°C with a
primary antibody against Snai1 (Abcam, 1:500). Detection using diaminobenzidine was
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performed according to the manufacturer’s instructions (ABC staining system, Santa Cruz
Biotechnology) and slides were counterstained with hematoxylin for 5 minutes and
visualized using an Olympus BX51 microscope.

In vitro explant culture
Proepicardial organ cultures—The proepicardium (PE) was collected from HH St. 16
embryos, plated on an un-coated 2-well Lab-Tek Permanox plastic sterile chamber slide
(Nunc #177437) and immediately infected with 5×107 PFU adenovirus expressing Snai1
(AdV-Snai1) or GFP (AdV-GFP). All viruses were diluted in serum-free culture media
(M199 supplemented with 1% Chick Embryo Extract and 1% penicillin/streptomycin) for 2
hours. Following infection, fresh serum-free media was added and PE explants were
cultured for a further 24 hours. Following culture, mRNA was extracted as described
(Peacock et al., 2010) for qPCR analysis (see below), or the fold change in colony area of
epicardial cell outgrowth was determined by capturing 2D images using an Olympus SZX7,
and calculating the average of the total pixel count from each cultured PE explant using
ImagePro Plus software (n=5). Significant differences in area between AdV-GFP and AdV-
Snai1 treated explants were determined using Student’s t-test (p<0.05). Alternatively, treated
PE explants were cultured for 48 hours and fixed in 4% PFA, or subjected to mRNA
isolation as previously described (Peacock et al., 2010) for further qPCR analysis (see
below). Fixed PE explants were treated with 0.2% TritonX-100/PBS and subject to
immunohistochemistry using anti-Wt1 (Santa Cruz, 1:200, incubation of 2 hours at room
temperature) and a donkey-anti-rabbit-568 Alexa-Fluor secondary antibody (Invitrogen,
1:400). Images were captured using an Olympus Fluoview F-1000 confocal microscope.

Whole heart epicardial cultures—Whole hearts were dissected from HH St. 24
embryos and plated on 2-well chamber slides coated with 0.1% rat tail type I collagen (Tao
et al., 2011) with complete culture media (M199 supplemented with 10% Fetal Bovine
Serum, 1% Chick Embryo Extract and 1% penicillin/streptomycin). After 24 hours, whole
heart explant was removed and the remaining epicardial cell layer outgrowth was infected
with 5×107 PFU of AdV-Snai1 or AdV-GFP for 48 hours. Following infection, cells were
fixed for immunohistochemistry using an antibody against smooth muscle alpha Actin
(SMAα) (Invitrogen, 1:500) or mRNA was isolated for qPCR analysis (see below).

Scratch Healing Assay—Primary mouse epicardial cells (MEC1), a kind gift from Dr.
Henry Sucov were cultured as previously described (Li et al., 2011). MEC1 cells and HH St.
24 whole heart epicardial cell outgrowths were subject to AdV-GFP and AdV-Snai1
infection for 24 hours as described above, or MEC1 cells were transfected with 5nM On-
TARGEtplus SMARTpool siRNA (Thermo scientific) specific for mouse Snai1 (siSnai1), or
a non-targeting pool (siScrambled) as a control using 8µl Dharmafect according to the
manufacturer’s protocol. 24 hours after adenoviral infection or siRNA transfection, 50%
serum media was added and treated cell monolayers were scratched with a 25½ guage
dissection needle (avian) or a 0.1–10µl pipette tip (MEC1) and images were captured at 0, 6,
12 and 24 hours following scratch. Significant differences between AdV-GFP and AdV-
Snai1, and siScrambled and siSnai1 treated cells was determined by measuring the scratch
area at 0 hours and comparing to 6, 12 and 24 hours using ImagePro Plus and presented as a
percentage change. Significant differences were determined using Student’s t-test (n=5,
p<0.05).

Cell Invasion Assay—For cell invasion assays, HH St.24 hearts were placed on 0.2µm
filters (Millpore) floating in serum free culture media in 30mm dishes. Explants were then
directly treated with 50µl media containing 5×107 PFU AdV-Snai1 or AdV-GFP, or 10µg/
mL GM6001 (Millipore) or dimethyl sulfoxide (DMSO) in the presence of AdV-GFP or
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AdV-Snai1 for 48 hours. Following treatment(s), explants were fixed in 4% PFA and
processed for frozen sections (Tao et al., 2011) and invading GFP+ cells were visualized and
captured using an Olympus BX51 microscope. The percentage of invading cells was
determined by counting the number of GFP+ cells within the myocardial space, versus the
number of GFP+ that remained on the surface of the heart (n=5). In addition,
immunofluorescence was performed to detect phospho-histone H3 (pHH3) expression in
proliferating cells (Thermo Scientific, 1:200). Significant differences in cell invasion and
proliferation between AdV-GFP and AdV-Snai1 treated explants were determined using
Student’s t-test (p<0.05).

Alternatively, the whole heart culture was transfected with pShuttle-IRES-hrGFP-1 vector
expressing mouse MMP15. Briefly, mouse MMP15 coding region was amplified from
cDNA prepared from E10.5 mouse heart using the specific primers containing restriction
sites (Forward: CATCGCGGCCGCCCAACCATGGGCAGCGACCGGAGCGC ;
Reverse:CATCCTCGAGCACCCACTCCTGCAGTGAGCGC). Purified cDNA fragment
was digested with NotI and XhoI (New England BioLabs) and ligated into linearized
pShuttle-IRES-hrGFP-1 plasmid (Agilent Technologies). 4µg plasmid was mixed with 20 µl
lipofectamine (per 40 µl Opti-MEM media) as per the manufacturer’s instruction
(Invitrogen). The mixture was added on top of the filter to cover the heart explants. After 48
hours, the heart explants were fixed and subjected to fluorescence microscopy as mentioned
above. The maximum depth of GFP+ cell invasion was measured by ImageJ (n=4).
Significant differences between MMP15-expressing vector and empty vector treated
explants were determined using Student’s t-test (p<0.05).

Realtime PCR
mRNA from treated cultures was isolated using Trizol as described (Peacock et al., 2010)
and 200–400ng was used to generate cDNA using the high-capacity cDNA kit (Applied
Biosystems) (Tao et al., 2011). cDNA was subject to quantitative PCR amplification
(StepOne Plus, Applied Biosystems) using Sybr Green fast master mix (Applied
Biosystems) and specific primers targeting chicken Integrin-α4
(Forward:CGGATCTTTTGTCGCTTGTG; Reverse: GGCATGACCCATGGTTTTCT),
Integrin-β1 (Forward: ATCCGCTGTCTCACTGCAAA; Reverse:
CACGCCAGCTACAATGGGTA), ZO1 (Forward:CGCCTCCATCGTCTACATCA;
Reverse:CGATGAGGAACCCACAGACA), N-cadherin
(Forward:AAGCAGTCCCTCTCCCAACA; Reverse:TTGGGTTTCCTTCCATGTCC),
SMAα (Forward:; Reverse:), Fibronectin1 (Forward:CGTTCGTCTCACTGGCTACA;
Reverse:ATTAATCCCGACACGACAGC) and E-cadherin
(Forward:GCAAGCCGTTTACCACATCA; Reverse:TTGTTCTCCACCGTCACCAC).
Alternatively, PCR amplification was performed using pre-designed Primetime qPCR
Assays (Integrated DNA Technologies) to detect chicken Cdk1, Ccne1, pCNA, Ccnd1,
Snai1 and mouse Snai1. Following PCR analyses, the cycle count (Ct) was normalized to
the GAPDH housekeeping gene (Forward: GGGTCTTATGACCACTGTCC; Reverse:
GTAAGCTTCCCATTCAGCTCAG) to give the ΔCt value. The ΔΔCt and fold changes in
experimental samples over respective controls were then determined using Power(2,−ΔΔCt).
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Bullet points

• Snai1 is highly expressed throughout avian epicardial development

• Snai1 is sufficient to promote proepicardial cell migration in vitro

• Snai1 overexpression enhances epicardial-to-mesenchymal transformation in
avian explants in vitro

• Snai1 enhances epicardial cell invasion through MMPs in avian explants in vitro
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Figure 1. Snai1 is highly expressed during avian epicardial development
Immunohistochemistry was used to detect Snai1 expression in the proepicardium (PE)
(arrows) at HH St. 16 (A), and in the epicardial cell layer (Epi) covering the myocardium
(arrows) in addition to cells within the sub-epicardial space (arrowheads) at HH St. 31 (B).
(C) By HH St. 40, Snai1 expression has decreased but levels are detectable in the
epicardium. A, atria; V, ventricle; LV, left ventricle.
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Figure 2. Snai1 enhances avian proepicardial cell migration in vitro
The colony area of migrating, Wt1-positive (inset) epicardial cells was determined in HH St.
16 proepicardium (PE) explants infected with adenovirus to overexpress full-length Snai1
(AdV-Snai1) (B) or AdV-GFP (A) for 24 hours. (C) Fold change in colony area of AdV-
Snai1 infected PE explants over AdV-GFP controls (n=5). (D) qPCR analysis to show fold
changes in Integrin-α4 (Itgnα4) and -β1 (Itgnβ1) gene expression in AdV-Snai1 infected PE
explants compared to AdV-GFP (n=4). * =p<0.05.
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Figure 3. Snai1 overexpression enhances epicardial-to-mesenchymal transformation in avian
epicardial explants
Epicardial cell outgrowths from HH St. 24 whole heart explants were infected with AdV-
GFP (A, D) or AdV-Snai1 (B, E) for 48 hours and differences in cell morphology (A, B),
protein (D, E) and gene (F) expression were analyzed. (A) GFP-positive spherical epicardial
cells were observed in cultures infected with AdV-GFP (arrows, A), while fibroblast-like
mesenchyme cells (arrowheads) were apparent in AdV-Snai1 infected epicardial cells (B).
Inset in (A) shows Wt1 immunohistochemistry to indicate the epicardial phenotype of these
cells prior to treatment. (C) Quantitation of the percentage of GFP+ cells that display
fibroblast-like mesenchyme cell morphology in AdV-GFP and AdV-Snai1 infected cells.
(D) Representative immunohistochemistry to detect SMA expression in AdV-GFP (D) and
AdV-Snai1 (E) infected epicardial cells. Arrows in D indicate rounded cells types, and
arrowheads in E highlight mesenchymal shaped cell types. (F) qPCR to examine changes in
expression levels of N-cad (N-cadherin), SMAα (Smooth muscle α-actin), FN1
(Fibronectin-1), E-cad (E-cadherin) and ZO-1 in AdV-Snai1 infected cells compared to
AdV-GFP (n=3). * =p<0.05.
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Figure 4. Snai1 enhances cell invasion from the epicardial cell layer into the myocardium
(A-C) HH St. 24 whole heart explants were infected with AdV-GFP or AdV-Snai1 for 48
hours to label the outermost layer of the cells over the myocardium. (A, B) Tissue sections
of infected whole hearts to show fate of GFP+ cells following infection with AdV-GFP (A)
or GFP-tagged AdV-Snai1 (B) on the inside (arrows) and outside (arrowheads) of the
developing heart. (C) Percent of invading GFP+ cells within the myocardium, over GFP+
cells on the outermost layer of the heart. (D-L) Scratch-healing assay of epicardial cell
outgrowths from HH St. 24 whole heart cultures (D-F) and MEC1 cells (G-L) infected with
AdV-GFP (D, G), AdV-Snai1 (E, H), siScrambled siRNA (J) or siSnai1 (K). (F) Percent
change in scratch area in HH St.24 epicardial cell outgrowths following AdV treatments at
24 hours, compared to 0 hours (n=3, * =p<0.05). (I) qPCR of Snai1 expression in MEC1
cells following AdV-Snai1 and siSnai1 treatments compared to AdV-GFP and siScrambled
controls respectively (n=3, * =p<0.05). (L) Percent change in scratch area in MEC1 cells
following AdV-GFP, AdV-Snai1, siScrambled and siSnai1 treatments at 6, 12 and 24 hours,
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compared to 0 hours. #=p<0.05 AdV-GFP infections at 6, 12, and 24 hours compared to 0
hours, *=p<0.05 AdV-Snai1 at 6, 12 and 24 hours compared to AdV-GFP, †=p<0.05
siScrambled at 6, 12, and 24 hours compared to 0 hours.
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Figure 5. Snai1-mediated epicardial cell invasion requires MMPs
HH St. 26 whole heart explants were infected with AdV-Snai1 (A, B) and treated with
DMSO (A) or the MMP inhibitor GM6001 (B) and the percentage of GFP+ cells within the
myocardium was determined compared to GFP+ that remained on the outside of the heart
(C) (n=4). (D) Quantitation of pHH3 immunostaining to detect proliferating cells in treated
explants (NS, not significant). (E-G) Similar analysis was performed on explants transfected
with empty pShuttle vector (E) or p-Shuttle containing the full length mouse MMP15
(pShuttle-MMP15) (F). (G) Quantitation of the average depth of GFP+ invading cells (n=5).
* =p<0.05.
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