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Abstract
TGFβ3 is essential for palate development, particularly during the late phase of palatogenesis
when the disintegration of the palatal medial edge seam (MES) occurs resulting in mesenchymal
confluence. The MES is composed of medial-edge epithelium (MEE) of opposite palatal shelves;
its complete disintegration is essential for mediating correct craniofacial morphogenesis. This
phenomenon is initiated by TGFβ3 upon adherence of opposing palatal shelves, and subsequently
epithelial-mesenchymal transition (EMT) instigates the loss of E-Cadherin, causing the MES to
break into small epithelial islands forming confluent palatal mesenchyme, however, apoptosis and
cell migration or in combination of all are other established mechanisms of seam disintegration.
To investigate the molecular mechanisms that cause this E-Cadherin loss, we isolated and cultured
murine embryonic primary MES cells from adhered palates and employed several biological
approaches to explore the mechanism by which TGFβ3 facilitates palatal seam disintegration.
Here, we demonstrate that TGFβ3 signals by activating both Smad-dependent and Smad-
independent pathways. However, activation of the two most common EMT related transcription
factors, Snail and SIP, was facilitated by Smad-independent pathways, contrary to the commonly
accepted Smad-dependent pathway. Finally, we provide the first evidence that TGFβ3-activated
Snail and SIP1, combined with Smad4, bind to the E-Cadherin promoter to repress its
transcription in response to TGFβ3 signaling. These results suggest that TGFβ3 uses multiple
pathways to activate Snail and SIP1 and these transcription factors repress the cell-cell adhesion
protein, E-Cadherin, to induce palatal epithelial seam EMT. Manipulation and intervention of the
pathways stimulated by TGFβ3 during palate development may have a significant therapeutic
potential.
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Introduction
Cleft palate, the most common craniofacial deformity, can arise due to a lack of palatal shelf
adhesion (Gritli-Linde, 2007). Palatal shelves grow out bilaterally from the internal surfaces
of the maxillary processes, elongate on each side of the tongue and become horizontal above
the tongue as it descends. As soon as the opposing shelves reach each other, the lateral
surfaces of the underlying basal medial edge epithelia (MEE) cells contact with the opposite
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palatal shelves and subsequently form a medial epithelial seam (MES) (Ferguson, 1988).
Complete disintegration of the MES is essential to form a single confluent palate
craniofacial structure (Ferguson, 1988). Along with apoptosis and cellular migration,
epithelial mesenchymal transition (EMT) has been proposed as a major palatal seam
disintegration mechanism (Nawshad, 2008). EMT is an alteration in phenotype of an
epithelial cell that is unified as an articulate sheet with apical-basal polarity to a combination
of mesenchymal cells with less articulate, more migratory capacity, that also lacks the
apical-basal polarity of epithelial cells (Thiery, 2003b). One of the most prominent features
of EMT is the loss of the cell-cell adhesion protein E-Cadherin. Many transcription factor
proteins, such as Snail, Slug, E12/E47, SIP-1, ZEB-1, and Twist directly bind to the E-
Cadherin gene promoter to inhibit its transcription (Peinado et al., 2004a, Peinado et al.,
2004b)

The stages of palatal development are coordinated and controlled by various proteins such as
growth factors like transforming growth factor (TGFβ). The MES disintegration phase is
regulated by TGFβ3 (Shuler et al., 1992). Following adherence of opposing palatal shelves
and formation of the seam, the basal MES cells show increased expression of TGFβ3
(Nawshad et al., 2004) which occurs until EMT is complete (Tudela et al., 2002). Several
lines of evidence suggest the importance of TGFβ3-mediated MES disintegration. TGFβ3-
knockout mice (Proetzel et al., 1995, Taya et al., 1999), as well as some naturally TGFβ3-
null avian systems (Sun et al., 1998) have complete penetrance for cleft palate. Furthermore,
treatment of palates from TGFβ3-knockout mice with exogenous TGFβ3 is sufficient to
rescue palatal fusion (Taya et al., 1999). While all isoforms (i.e., 1, 2, and 3) of TGFβ are
expressed during different stages of palate development between 11–16.5 days post coitum
(dpc), it is TGFβ3 that is expressed highly in the palatal seam region at 14–15 dpc when
disintegration is about to begin, making it a likely candidate to induce palatal EMT (Tudela
et al., 2002, Xia & Cheng, 2005, Dudas et al., 2004, Blavier et al., 2001). TGFβ3 signaling
causes the transformation of epithelial seam cells into mesenchymal cells, as well as
apoptosis and cell migration, which results in a confluent palate (Carette & Ferguson, 1992).
Following palatal confluency, the expression of TGFβ3 ceases at 16 dpc, assuming that
seam disintegration by EMT processes is achieved (Proetzel et al., 1995).

The transformation of palate medial-edge epithelium to mesenchyme has been well
documented (Fitchett & Hay, 1989, Kaartinen et al., 1997, Nawshad et al., 2004). However,
signaling mechanisms that promote EMT during palatogenesis have only recently been
investigated in detail. TGFβ3 is known to have an essential role in palate development,
including the transformation of MES cells into the mesenchymal morphology (Brunet et al.,
1995, Nawshad & Hay, 2003b, Nawshad et al., 2005).

Herein, we provide evidence that during palatal EMT, TGFβ3 induces both Smad-dependent
and Smad-independent pathways to activate several EMT-related transcription factors, such
as Snail and SIP1 to repress the cell-cell adhesion molecule E-Cadherin, thereby inducing
EMT.

Materials and Methods
Culture of embryonic palate and isolation of primary MES cells

Timed-pregnant CF1 mice (Charles Rivers Laboratories, Inc, MA) were obtained for this
study. Primary Medial edge epithelial seam (MES) cell culture: The primary method used
for palatal medial epithelial seam (MES) cell culture from 14 dpc mouse embryos has been
explained in detail in (Ahmed et al., 2007, Nawshad et al., 2007). In short, isolated palates
were cultured at 37°C in a humidified gas mixture incubator (5% CO2 and 95% air), palatal
MES cells are cultured in flasks and collected when they reach approximately 80%
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confluency prior to any exogenous treatment. From one pair of palates, enough cells may be
isolated to seed in one T-25 flask. These cells are divided 1:2 every three days for as many
as five times to yield enough MES cells to preserve healthy growth and morphology for
experiments and storage. As described in (Ahmed et al., 2007, Nawshad et al., 2007), these
primary cells undergo clonal analysis for homogeneity of the MES cells to confirm 100%
homogeneity; it is necessary to ensure the MES cells are not contaminated by surrounding
mesenchymal cells using cobblestone epithelial morphology and positive staining with E-
Cadherin, Desmoplakin, and Desmoglein for the classification of epithelial clone type. In
vivo, MES cells produce optimum endogenous TGFβ3; however, when MES cells are
removed from primary tissue, TGFβ3 significantly reduces its expression to levels that are
not sufficient to stimulate cellular changes. To mimic the in vivo model system, exogenous
TGFβ3 was added at different doses at different stages, as shown by us earlier (LaGamba et
al., 2005). To demonstrate protein expression (such as TGFβ3 as shown in Fig. 1), we
collected the embryonic palates at 14, 14.5, 15, 15.5, 16, 16.5 and 17 dpc, followed by
Buin’s fixation and paraffin embedding of the embryonic palates.

Cell culture/Treatment conditions/Antibodies
MES cells were cultured in DMEM media that contained different concentrations of FBS
(10% to induce MES growth and confluency and 1% serum starvation to abolish the
superfluous effect on MES cellular biofunction) with 1% penicillin/streptomycin. TGFβ3
(R&D Systems, CA) was used at concentrations of 2, 5, and 10ng/mL. Untreated MEE (no
TGFβ3) cells were used as a control. TGFβ3 was changed every 24 hours (h). Blocking
TGFβ3 antibody was purchased from R&D Systems, CA, and was used at 10ng/mL for 24 h
to abolish the effect of endogenous TGFβ3. To inhibit the Smad-dependent pathway, small
hairpin RNA (shRNA) Smad4, pRetrosuper-shSmad4 (Addgene, MA), was used which
specifically targets the coding region of murine Smad4. A −800 bp E-Cadherin gene
promoter construct (pGL3-E075, Wild type from −650- to +95 generously provided by J.
Behrens, University Erlangen-Nürnberg, Erlangen, Germany) was cloned into the pGL3-
Lux reporter plasmid. The pGL3-E075-Lux, its mutant constructs (see “Site specific
mutagenesis” below) and pRetrosuper-shSmad4 were transfected into the MES cells by
gently adding solution containing 10µl of Lipofectamine 2000 in 300µl of Opti-MEM
medium for 24 h, as described previously by us (Medici & Nawshad, 2010). The Smad-
independent pathways were blocked using commercially available small synthetic chemical
inhibitors, such as SB202190 (20µM), an inhibitor of p38MAPK (Sigma-Aldrich, MO);
U0126 (20µM), an inhibitor of MEK1/2 (Cell Signaling, MA); and LY294002 (20µM), an
inhibitor of PI3 Kinase (Cell Signaling, MA) for 60 min. Following all inhibitions
(pRetrosuper-shSmad4 and chemical inhibitors), TGFβ3 (5ng/mL) was added in the
presence of these molecules up to 48 h prior to mRNA extraction at 0, 12, 24, 36 and 48 h
(see “Reverse Transcriptase PCR” below). All antibodies and inhibitors were used at the
concentration and time point recommended by the respective manufacturer/provider as well
as confirmed by us previously (Nawshad & Hay, 2003a, Ahmed et al., 2007, Iordanskaia &
Nawshad, 2011, Nawshad et al., 2007). For Immunofluorescence, primary antibodies used
(and their source) included the following: TGFβ3 (R&D systems, CA), E-Cadherin (kindly
provided by Dr. James Wahl, University of Nebraska Medical Center), Vimentin (Sigma-
Aldrich, MO), Fibronectin (Abcam, MA), N-Cadherin (kindly provided by Dr. Keith R.
Johnson, University of Nebraska Medical Center), ZO-1 (Invitrogen, CA), Keratin 14
(Abcam, MA), pSmad2, Smad2 and Smad4 (Cells Signaling, MA). For protein expression of
MEE cells by western blot, the cells were serum starved for 24 h, followed by treatment
with TGFβ3 (5 and 10ng/mL) in 1.0% FBS DMEM for 15 minutes up to 48 h and total,
nuclear and cytoplasmic proteins were extracted. Immunoblotting primary antibodies used
(and their source) included the following: E-Cadherin (Santa Cruz, CA), Snail-ChIP grade
(Abcam, MA), SIP1 (Novus Biologicals, CO), β-Actin (Santa Cruz, CA), ERK 1/2 (Santa
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Cruz, CA), pERK 1/2 (Santa Cruz, CA), p38MAPK (Santa Cruz, CA), p-p38MAPK (Santa
Cruz, CA), AKT 1/2 (Santa Cruz, CA), pAKT 1/2 (Santa Cruz, CA), MEK 1/2 (Santa Cruz,
CA), and pMEK 1/2 (Santa Cruz, CA). Immunoblotting secondary antibody used was Alexa
Fluor 680 (Molecular probes, OR). All antibodies and inhibitors were used at the
concentration and time point recommended by the respective manufacturer/provider.
Supplementary Figure 1 (A–G) shows the levels of protein repression by westernblot of all
inhibitory treatment conditions.

Reverse Transcriptase (RT) PCR
As the methods mentioned before by us (LaGamba et al., 2005), 24 h serum starved (1%
FBS) MES cells were subjected to TGFβ3 (5ng/ml) treatment for 0 to 48 h with or without
inhibitors (see “Treatment conditions” above). RNA was harvested using the RNeasy Mini
Kit (Qiagen, CA) according to the manufacturer’s instructions. RNA integrity was assessed
using formaldehyde gels in 1×TAE buffer and RNA purity and concentration were
determined by the 260/280 ratio on a Nanodrop 2000C (Thermoscientific, MA). RT-PCR
was performed using the SuperScriptIII RT-PCR kit (Invitrogen, CA) according to the
manufacturer’s protocol. The sequences of primers were obtained from the Invitrogen online
PCR primer design site, and were synthesized at the Molecular Biology Core Facility,
UNMC. Reactions were stimulated using a PTC-100 thermal cycler (MJ Research, Inc.
MA), with 30 cycles per sample. Samples were run on 1.5% agarose gels that contained
ethidium bromide (1.5µL) and were visualized using a ChemiDoc Imager (Bio-Rad, CA).
Sequences of primers used are detailed in the Supplementary Table 1A.

Immunofluorescence and Immunobloting
Both MES cells and embryonic palates from 14.0–16.5 dpc underwent Immunofluorescence
and Immunoblotting techniques as described by us previously (Ahmed et al., 2007, Nawshad
& Hay, 2003a, Nawshad et al., 2007, Iordanskaia & Nawshad, 2010). For protein expression
of MES cells by Western blot, the cells were grown to confluency in 10% FBS and serum
starved in 1% FBS for 24 h, followed by treatment with TGFβ3 (5 and 10ng/mL) in 1.0%
FBS DMEM for 0 to 24 h for total protein extraction. For nuclear and cytoplasmic proteins,
we used the nuclear extraction kit from Chemicon Nuclear Extraction Kit (Millipore, MA)
as done by us previously (Ahmed et al., 2007, Iordanskaia & Nawshad, 2011). The
concentration of the nuclear, cytoplasmic and total proteins was obtained with the Genesys
10 UV scanner (Thermoscientific, MA) at 595 nm. 25µg of protein extract was
electrophoresed on a 10% denaturing gel and transferred onto a nitrocellulose membrane.
The membranes were blocked with gelatin, washed with PBS-Tween, incubated with the
respective antibodies and reacted with anti-goat (1:1000) and anti-rabbit (1:2000) secondary
antibodies (Cell Signaling, MA). The bands were then visualized by using an odyssey
scanner (Li-Cor, NE). Intensity of the band was measured using the Carestream Molecular
Imaging Software version 5.3.1 (Rochester, NY). To perform a t-test analysis of mean
intensity measurements, a ROI analysis was done from the data to Microsoft Excel software
from the exported “.txt” files. Data points for all samples are paired by spatial arrangement
on gel and compared pairwise to minimize the impact of subtle background artifacts on
image analysis.

For protein expression on embryonic palates and MES cells by Immunofluorescence, 8µm
sections of 14.0 to 16.5 dpc palates and MES cells underwent Immunofluorescence as
described by us previously (Ahmed et al., 2007, Nawshad & Hay, 2003a, Nawshad et al.,
2007). Immunofluorescence secondary antibodies were obtained from: Rhodamine, 1:100
(Invitrogen, CA) and FITC, 1:200 (Jackson ImmunoResearch, PA).
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Scratch Wound Assay
The Scratch Wound Assay was conducted as described in (Nawshad et al., 2007) but with
minor modification. MES cells were grown to 80% confluency in 6-well culture plates, and
a uniform straight line scratch was made with a sterile pipette tip. Scratches in TGFβ3 (2, 5
and 10ng/mL) treated and untreated wells were examined for 48 hours. The migration of
cells (or gap filling) was monitored every 12 hours with phase-contrast microscopy where
cells were morphologically assessed for the migratory phenotype.

Cell Motility Assay
The Cell Motility Assay was conducted as detailed in Nawshad et al. (2007). 8 µm pore size
Transwell migration chambers of a 6-well plate (BD BioCoat, MA) were used for migration
analyses. 5×105 MES cells were seeded in the presence of 5ng/mL TGFβ3 in 8µm pore size
Transwell migration upper chambers of a 6-well plate. Treated and untreated TGFβ3 cells
were allowed to migrate through the filter toward media containing serum (10%) for 24 to
48 hours at 37 °C. Cells that did not migrate through the filter were removed with a cotton
swab from inside the upper chamber. Each filter was fixed in 4% Paraformaldehyde for 10
minutes, washed three times, each time for five minutes with 1x PBS, placed in
Hematoxylin stain (Dako, Mayer’s hematoxylin) for 20 minutes, rinsed with water, and
placed in bluing reagent (alkaline solution such as a weak ammonia solution, 0.08% in
water) until the stain turned blue. Subsequently, the filters were washed again using
deionized water. Migrating MES cells on the lower side of the filter were randomly counted
at 10 areas per field by phase-contrast microscopy. The mean of the 10 areas was
determined and is represented in the bar graph in Fig. 4C.

Chromatin immunoprecipitation (ChIP) assay
Equal quantities (4×107 cells) of the control (5% FBS), TGFβ3 (5ng/ml) stimulated MEE
cells in 80%–90% monolayers were fixed with 1% formaldehyde for 10 min at RT for
chromatin cross-linking. The reaction was stopped by adding glycine to a final concentration
of 0.125M and the cells were immediately washed twice with ice-cold PBS and harvested by
scraping cells in ice-cold 1×PBS+PMSF. The Simple ChIPTM Enzymatic Chromatin IP kit
(Magnetic beads) (Cell Signaling, MA) was used according to the method successfully used
by us previously (Iordanskaia & Nawshad, 2011). Briefly, cross-linked chromatin was
isolated from the lysates by sonication (3 × 6 sec each) using a Microson XL 2000 sonicator.
Immune precipitation of the cross-linked chromatin with rabbit anti-Smad4 antibody (Cell
Signaling, MA), anti-Snail-ChIP grade (Abcam, MA) and anti-SIP1 (Novus Biologicals,
CO), were subsequently performed. For the negative control, rabbit IgG and anti-actin
antibody were used (Cell Signaling, MA) and for the positive control, Histone H3 antibody
was used. The 100 ml of binding buffer from the Chromatin IP kit (Cell Signaling, MA),
containing 10 to 20µg chromatin DNA were incubated overnight with antibodies at 4°C. The
subsequent binding with magnetic beads, washing of immunocomplexes and DNA
extraction were carried out following the manufacturer’s protocol. The mean ±SD obtained
from three independent experiments were compared. Purified DNA was analyzed by PCR
with primers specific for E-Pal and E-Box in the E-cadherin promoter. Reactions were
performed in a 20µl volume according to the manufacturer’s recommendations. The
sequences of primers used are detailed in the Supplementary Table 1B. Resulting DNA
fragments were detected by electrophoresis in 1.5% agarose gel.

Site-directed mutagenesis
A −800 bp E-Cadherin gene promoter construct (pGL3-E075, Wild type from -−650- to +95
generously provided by J. Behrens, University Erlangen-Nürnberg, Erlangen, Germany) was
cloned into the pGL3-Lux reporter plasmid. Site-directed mutagenesis (Mutant-Max) was
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used to create mutant −800bp promoter constructs. The mutant sites were confirmed by
sequencing and then transfected into cells for luciferase assays as described above. The
following regions were mutated: E-pal mut : plasmid pGL3-E-paL, GC was mutated to TT;
E-Box Mut plasmid pGL3-E-box, CAC were mutated to TGT; and E-pal & E-box Mut
plasmid pGL3-E-pal & E-box, GC were mutated to TT and CAC were mutated to TGT.
These mutant constructs, pGL3-E-paL and pGL3-E-box, were created using pGL3-E075 as
a template in the mutation PCR reaction (QuickChange, Stratagen, CA). QuickChange PCR
mutation primer pairs:

Transfection and luciferase assay
To measure the TGFβ-mediated effect on E-Cadherin promoter activity, we measured
expression of the firefly luciferase in MES cells transiently transfected with the plasmid
harbouring the murine E-Cadherin promoter (-800bp; GL3-E075-WT plasmid) or derivative
plasmids containing mutations in the E-pal site: plasmid pGL3-E-paL, E-Box site: plasmid
pGL3-E-box, and both E-pal and E-Box sites: plasmid pGL3-E-pal & E-box. The detail of
the luciferase protocol has been mentioned previously by us (Ahmed et al., 2007,
Iordanskaia & Nawshad, 2011). The Lipofectamine 2000 transfection reagent (Invitrogen,
CA) was used following the manufacturer’s protocol. Transfection of MES cells with pGL3-
Lux vectors without the E-Cadherin promoter region (empty vector) was performed as a
negative control. Recombinant TGFβ3 (5ng/ml) was added to the transfected cells. After
24h of TGFβ treatment, luciferase activity was detected using the Sirius luminometer
(Berthold Detection Systems, NC). The results are reported as the mean ± SD of at least
three independent experiments.

Statistical Analysis
Data from at least three replicates for each parameter were evaluated and analyzed for
significance by SPSS 14.0. The treatment groups included TGFβ3 (5ng/mL and 10ng/mL)
for 24 and 48 h and the control groups were empty vector treated and untreated cells (-ve
control). The observation times were collapsed due to the convenience of the study, and one-
way ANOVA was conducted. The significance level was set as 0.05. A p-value of ≤ 0.05
was considered significant. The one-way ANOVA indicated that the values differ
significantly across the treatment groups. Bonferroni post-hoc comparisons of the treatment
groups indicated that the two negative control groups (empty vector and untreated cells) and
treated groups significantly differ from each other as expected (p ≤ 0001). All TGFβ
treatment groups also differed significantly from the negative control groups, (p ≤ 0001).

Results
TGFβ3 expression in different stages of murine MES cells (in vivo)

To demonstrate the expression of TGFβ3, which is essential for palatal MES disintegration,
we performed an immunofluorescence protein expression assay. TGFβ3 was strongly
expressed at 14.0 dpc, when palatal shelves are about to make contact (Fig. 1A) and at 14.5
dpc, when the seam is formed (Fig. 1B). However, as the seam started to disintegrate at 15.0
dpc, the number of remaining epithelial cells decreased and the expression of TGFβ3 was
restricted on the remaining epithelial seam (Fig. 1C). By 15.5 dpc, TGFβ3 was expressed in
the epithelial islands only (Fig. 1D). During the later stages of palate development at 16.0
dpc, the number of TGFβ3 expressing cells was limited (Fig. 1E), and by the time the seam
was completely disintegrated at 16.5 dpc (Fig. 1F), no epithelial cells remained as
mesenchymal confluency occurred, resulting in the absence of any TGFβ3 positive cells.

In order to determine the pathways TGFβ3 uses during palatal EMT, we selectively blocked
downstream molecules of the Smad-dependent and Smad-independent pathways utilized by
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TGFβ3. We performed protein expression analysis by immunoblotting protein extracts
derived from MES cells that were treated with Smad-independent pathway inhibitors (such
as SB202190, an inhibitor of p38MAPK; U0126, an inhibitor of ERK1/2; and LY294002, an
inhibitor of phosphatidylinositol 3-kinase [PI3K]) in the presence of 5ng/mL exogenous
TGFβ3. To block the Smad-dependent pathway, we treated MES cells with shRNA Smad4
and 5ng/mL exogenous TGFβ3. The results showed that MES cells treated with exogenous
TGFβ3 (5ng/mL) had low expression of E-Cadherin. However, the expression of E-
Cadherin protein in the MES cells treated with TGFβ3 blocking antibody showed increased
E-Cadherin expression when compared to MES cells treated with only TGFβ3. Interestingly,
when the Smad-dependent and Smad-independent pathways were blocked, E-Cadherin
expression remained moderate but not as low as TGFβ3 treatment alone, suggesting that
TGFβ3 uses both Smad-dependent and Smad-independent pathways to regulate E-Cadherin
expression, except for PI3 kinase pathway with LY294002) (Fig. 1G).

Effect of TGFβ3 on epithelial and mesenchymal markers
As shown by our previous results (Ahmed et al., 2007), TGFβ3 pathways activate the EMT
process in palatal development by downregulating epithelial markers like E-Cadherin. We
sought to determine the effect of TGFβ3 on other cell-cell adhesion proteins, such as
Desmoplakin, Keratin 14 and ZO1. To show the changes that occur in epithelial markers due
to TGFβ3 pathway activation, we performed immunofluorescence on MES cells treated with
exogenous recombinant TGFβ3 (5ng/mL) for 24 and 48 h. Single staining
immunofluorescence results of E-Cadherin showed a higher expression of E-Cadherin at the
membrane in untreated (control) MES cells (Fig. 2A). However, within 24 h of TGFβ3
treatment, E-Cadherin expression was reduced and MES cells began to elongate (Fig. 2B).
E-Cadherin expression was barely detectable after 48 h of TGFβ3 treatment in MES cells
(Fig. 2C). Single staining immunofluorescence results of Desmoplakin demonstrated high
expression of Desmoplakin in punctate form in untreated MES cell borders (Fig. 2D). After
MES cells were treated with TGFβ3 for 24 h, Desmoplakin became diffusely expressed in
the cytoplasm (Fig. 2E), and by 48 hours following treatment, no expression of
Desmoplakin was observed (Fig. 2F). As we expected, ZO1 was strongly expressed in a
uniform homogenous manner during single staining immunofluorescence in the control
MES cell membranes (Fig. 2G), but the expression was significantly disorganized and
reduced within 24 and 48 h (Figs. 2H and I) as MES cells lost their epithelial architecture.

Unlike rest of the EMT markers, Keratin 14, which is not only expressed in the cell
membrane but also in the cytoplasm (Fig. 2J), also showed a significant loss of its
expression in the cell membrane in response to TGFβ3 treatment. Its expression was
translocated and re arranged within the cytoplasm (Fig 2K) and eventually was lost as the
cells acquire full mesenchymal phenotype by 48 h (Fig. 2L). Taken together, these
combined results suggest that in response to TGFβ3, expression of epithelial proteins is
significantly reduced while mesenchymal protein expression is increased, as MES cells
undergo EMT.

To demonstrate the role of TGFβ3 in regulating mesenchymal markers such as Vimentin,
Fibronectin, and N-Cadherin in parallel to epithelial markers, double staining
immunofluorescence results of E-Cadherin and Fibronectin showed high expression of E-
Cadherin and no expression of Fibronectin in untreated MES cells (Fig. 3A). However,
following 24 hours of TGFβ3 treatment, Fibronectin was beginning to be detected in MES
cells while expression of E-Cadherin was decreasing (Fig. 3B). High expression of
Fibronectin and almost no expression of E-Cadherin were observed in 48 h TGFβ3 treated
MES cells (Fig. 3C). After double staining immunofluorescence of Desmoplakin with N-
Cadherin, we observed no expression of N-Cadherin and increased expression of
Desmoplakin in untreated MES cells (Fig. 3D). However, N-Cadherin began to be expressed
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at 24 h (Fig. 3E) and increased in intensity by 48 h following TGFβ3 treatment in MES cells
(Fig. 3F). Double staining immunofluorescence of ZO1 and Vimentin revealed a high
expression of ZO1 and no expression of Vimentin in control MES cells (Fig. 4G). Once
MES cells were treated with TGFβ3 for 24 h, Vimentin begin to be expressed, and ZO1
expression became disorganized and reduced (Fig. 3H). Forty-eight hours following TGFβ3
treatment, MES cells showed increased expression of Vimentin and reduced expression of
ZO1 compared to control MES cells (Fig. 3I).

Similar results were observed in double staining immunofluorescence of E-Cadherin with
Vimentin and N-Cadherin. Vimentin and N-Cadherin were highly expressed, compared to
untreated cells (Suppl. Figs. A & D), by 48 hours following treatment with TGFβ3 (5ng/mL)
(Suppl. Figs. 2C and F), while E-Cadherin expression was dramatically reduced by 24 h
(Suppl. Figs. 2B and E) and lost by 48 h following TGFβ3 treatment (Suppl. Figs. 2C & F).
As expected with regard to untreated MES cells, after double staining immunofluorescence
of Desmoplakin with Fibronectin, we observed no expression of Fibronectin and increased
expression of Desmoplakin in untreated MES cells (Suppl. Figs. 2G). However, Fibronectin
began to be expressed at 24 h (Suppl. Fig. 2H) and increased in intensity by 48 hours
following TGFβ3 treatment in MES cells (Suppl. Fig. 2I). Desmoplakin was highly
expressed and no expression of Fibronectin was observed (Suppl. Fig. 2G)

Role of TGFβ3 in cell migration
To demonstrate the functional characteristics of EMT in response to TGFβ3, we undertook
scratch wound and cell motility assays. In this experiment, cultured MES cells were treated
with TGFβ3 (5ng/mL), and the cells were observed and photographed by phase-contrast
microscopy at 0, 12, 24, 36 and 48 h following wounding (Fig. 4A). Scratch wound assay
results indicated an increased level of migration as MES cells were treated for longer
periods of time with TGFβ3. Migration of MES cells was increased in a time dependent
fashion from 0, 12, 24, 36 and 48 h following treatment. We also showed that the migration
of MES cells is dose dependent. As doses of TGFβ3 treatment were increased from 0
(untreated) to 2, 5, and 10ng/mL of TGFβ3 (Fig. 4B), MES cells became more migratory. A
cell motility assay was performed on MES cells to show the quantitative results of cell
migration in response to 5ng/mL TGFβ3 treatment in 8 µm pore size Transwell migration
chambers of 6-well plates (BD BioCoat, MA) for 24 and 48 h. Results indicated a
significantly increased number of migratory cells in response to 24 h of TGFβ3 treatment,
with significantly higher migration observed at 48 h, while very few cells migrated in
control chambers at both time points (Fig. 4C).

Evidence of TGFβ3 Smad-dependent and Smad-independent pathways being activated
Previously, it was shown that activation of TGFβ3 Smad-dependent pathways cause Smad
phosphorylation and translocation from the cytoplasm to the nucleus. This translocation
event is accepted evidence of Smad pathway activation (Derynck & Zhang, 2003, Itoh et al.,
2003, Massague et al., 2005). To investigate the activity of Smad proteins in response to
TGFβ3, an immunofluorescence protein expression assay was performed with MES cells
treated with 5ng/mL exogenous TGFβ3 for 3 h. Following TGFβ3 treatment, pSmad2 and
Smad4 were observed in both the cytoplasm and the nucleus in MES cells within 3 h (Figs.
5A and B). In the absence of TGFβ3, Smad2 remained only in the cytoplasm and there was
no expression of pSmad2 either in the cytoplasm or the nucleus (DAPI, Figs. 5C and D).
After cells were treated with blocking TGFβ3 antibody (10ng/mL) for 24 h, Smad4
remained solely in the cytoplasm (Figs. 5E and G), while the nucleus (DAPI) was complete
devoid of any Smad4 expression (Fig. 2F). Moreover, there was no change in morphology of
the MES cells (Fig. 5G). Once we increased the dose of exogenous TGFβ3 to 10ng/mL,
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Smad4 completely moved to the nucleus (Figs. 5H and I), with no expression in the
cytoplasm.

Immunoblotting results from nuclear and cytoplasmic protein fractions demonstrated a low
expression of Smad4 in control MES cells (no TGFβ3) in both the cytoplasm and the
nucleus compared to an increase in the steady state levels of Smad4 protein expression in the
cytoplasm and the nucleus of MES cells that were treated with 5ng/mL of TGFβ3 for 3 h.
However, when MES cells were treated with 10ng/mL TGFβ3, Smad4 was localized only in
the nucleus. Inhibition of TGFβ3 signaling by treatment with blocking TGFβ3 antibody
resulted in higher Smad4 expression in the cytoplasm compared to that found in the nucleus
(Fig. 5J).

In order to provide evidence in support of the activation of Smad-independent pathways by
TGFβ3 during palate development, an immunoblotting experiment was performed with
MES cell proteins treated with exogenous TGFβ3 (5ng/mL) for 0 (control), 15, 30 and 60
minutes, since the phosphorylation of these proteins happens fairly quickly. Our results
demonstrate the phosphorylation of ERK, p38MAPK, and MEK1/2, but not AKT in MES
cells and, as we expected, no phosphorylation of any of these proteins was observed in
control cells. These results support the notion that in response to TGFβ3, Smad-independent
pathways are activated, as noted by phosphorylation of ERK, p38MAPK, and MEK1/2, but
not PI3K (Fig. 5K).

MES cells were treated with exogenous TGFβ3 (5ng/mL) and mRNA was collected at 0, 12,
24, 36 and 48 hours. To establish the exact pathways that are activated, we blocked the
Smad-dependent pathway with shRNA Smad4 and its independent pathways with inhibitors,
SB202190 (for p38MAPK), U0126 (for MEK1/2), and LY294002 (for PI3 Kinase).
Following reverse transcriptase PCR, our results (Fig. 5L) showed that in response to
TGFβ3 (5ng/mL), the mRNA expression of Snail and SIP1 transcription factors was
significantly increased in a time dependent fashion, from 0 to 48 hours. However, inhibition
of the Smad-independent pathways blocked TGFβ3 induced Snail and SIP1 mRNA
expression, except for PI3 kinase pathway with LY294002. Interestingly, we observed that
the TGFβ3 stimulated expression of these transcription factors was unaffected when the
Smad-dependent pathway was blocked. Here we show that TGFβ3 pathways induce several
factors such as Snail and SIP1, common EMT related transcription factors are activated in
response to TGFβ3, which trigger the EMT process.

Binding of Snail, SIP1 and Smad4 to the E-Cadherin promoter
Since the most common molecular change which promotes and is often used to characterize
EMT is the loss of E-cadherin expression, we performed sequence analysis of the promoter
region of the murine E-cadherin gene. Binding of the Snail, SIP1 and Smad4 proteins to the
endogenous loci of these regions was confirmed by chromatin immunoprecipitation (ChIP;
Fig. 6A). ChIP was performed using antibodies against IgG (negative control), Snail, SIP1,
Smad4 and actin, and PCR was then performed with primers specific for the E-pal and other
E-box sites. Untreated MES cells showed no signal with any antibodies, whereas TGFβ3
treated cells showed a significantly increased signal with antibodies against Snail, SIP1 and,
Smad4 (Fig. 6B). Actin was not found to be associated with these binding regions. Snail,
SIP1 and Smad4 bind to the E-pal region, whereas only SIP1 and Smad4 bind to the
proximal E-box. To avoid the possibility of the observed PCR signals being the result of
over-amplification, we conducted real-time PCR for a quantitative assessment of ChIP
signals (results not shown).

EMT related transcription factors, Snail and SIP1 bind to specific binding sites (E-pal and E-
box) on the E-Cadherin promoter gene. However, to demonstrate whether these transcription
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factors are functional and that they bind to the specific sites during palate development, we
tested E-Cadherin promoter activity while mutating these binding sites. We have already
shown that TGFβ3 represses the expression of E-Cadherin protein levels during palate
development (Figs. 1, 2, 3 and 6). However, in this experiment involving a Luciferase
reporter gene assay, we demonstrated the crucial roles that these binding sites play in
response to TGFβ3. Four plasmids were used: Wild type (WT); E-pal with GC region
mutated to TT; E-box with CAC region mutated to TGT; and a plasmid with both E-pal and
E-box mutated, GC to TT and CAC to TGT. According to the Luciferase reporter gene assay
results (Fig. 6C), in WT transfected cells, E-Cadherin has the highest promoter activity in
untreated cells and the lowest activity in cells that have been treated with TGFβ3 (5ng/mL).
In the cells transfected with the E-pal mutated reporter, the promoter activity in TGFβ3
treated MES cells was higher compared to wild type transfected cells treated with TGFβ3. In
cells transfected with the E-box mutated plasmid, the promoter activity following TGFβ3
treatment was also higher compared to wild type transfected MES cells, similar to the E-pal
reporter results. The promoter activity of the E-Cadherin reporter containing the double
mutation demonstrated the highest reporter activity amongst all the mutated plasmids in
response to TGFβ3 treatment compared to wild type transfection in MES cells (Fig. 6C).
And when the Smad-dependent and Smad-independent pathways were blocked, E-Cadherin
expression remained moderate but not as low as TGFβ3 treatment alone, suggesting that
TGFβ3 uses both Smad-dependent and Smad-independent pathways to regulate E-Cadherin
gene activity, except for PI3 kinase pathway with LY294002) (Fig. 6C).

Discussion
Palatogenesis is a crucial stage in craniofacial development in higher vertebrates (amniotes),
such as rodents and humans (Hay, 2005). All stages of palate development, such as
elongation, elevation and adhesion, are important; however, the last step during which the
epithelial seam forms due to palatal shelf contact with an opposing shelf (and subsequently
disintegrates to achieve a confluent palate) is of particular interest in this study. The medial
edge epithelia (MEE) of the palatal shelves that arise from the maxillary processes make
contact to form a bilayered midline seam composed of epithelial cells (Ferguson, 1988).
This seam is a hindrance for successful palatal confluency; therefore, to achieve complete
palatal confluency, the seam must disintegrate to form a single confluent palate craniofacial
structure. In the absence of palatal seam disintegration, cleft palate, the second most
common birth defect and most common craniofacial deformity, may develop (Nawshad,
2008). Apoptosis, epithelial mesenchymal transition (EMT) and migration are common
mechanisms of seam disintegration (Nawshad, 2008). In this study, we explored the
mechanisms of TGFβ3 signaling, which is essential for seam disintegration and activates
EMT.

EMT consists of the entire series of events involved in the transition of epithelial to
mesenchymal cell characteristics (Hay, 1995, Thiery & Sleeman, 2006). During EMT,
epithelial proteins and characteristics are compromised, which allows the proteins and
properties of mesenchymal cells to be activated (Hay, 1995, Thiery & Sleeman, 2006).
Epithelial and mesenchymal cells have their own unique characteristics and morphology
(Schock & Perrimon, 2002). Epithelial cells can be arranged in a single layer, or they can
form layers of cells that are in close contact with neighboring cells connected by various
junctions, such as: tight junctions, adherent junctions, and desmosomes (Horwitz & Webb,
2003). E-Cadherin is the most common adherent protein, while Occludin, Claudins, and
Zonula Occludens (ZO 1, 2, 3) are important components of tight junction strands
(Shimoyama et al., 1989, Takeichi, 1993, Takeichi, 1988a, Takeichi, 1988b). Desmosomes
provide additional strength for intercellular adhesion and are structurally similar to adherent
junctions. Desmoplakin, Plakophilin, and Plakoglobin are the common desmosomal proteins
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(Thiery, 2003a). All these junctional proteins help epithelial cells to remain in a regimented
structure (Shook & Keller, 2003) and during EMT, these proteins are lost to promote
significant changes in epithelial cell structure and behaviour by giving up their functional
and phenotypic characteristics and acquiring mesenchymal cells’ characteristics (Takeichi,
1993, Takeichi, 1995). Mesenchymal cells are irregular in shape and have weaker adhesions,
which facilitates migration. In comparison with epithelial sheets, mesenchymal cells have
more elongated shapes and front-to-back polarity; they also move individually and are more
dynamic. Interestingly, TGFβ is known to be a potent inducer of EMT in both development
and tumorigenesis (Zavadil & Bottinger, 2005, Valcourt et al., 2005, Tian & Schiemann,
2009, Derynck & Feng, 1997). TGFβ signals through Smad-dependent and Smad-
independent pathways (Akhurst & Derynck, 2001, Derynck, 1994). In the Smad-dependent
pathway, Smad phosphorylation and translocation to the nucleus is regulated by TGF-β
receptors, early endosomes, phosphatidylinositol 3-kinase (PI3K) and the Smad anchor for
receptor activation (SARA) (Bakin et al., 2000, Itoh et al., 2002, Itoh et al., 2003,
Panopoulou et al., 2002, Tsukazaki et al., 1998). Several signaling pathways can trigger the
activation of EMT related transcription factors, such as Snail and SIP1, which induces loss
of cell-cell adhesion genes, such as E-Cadherin (Cano et al., 2000, Thiery & Sleeman,
2006). It was elegantly shown in the transgenic mice model system that palatal epithelium to
employs both pathways that demonstrate the complicated nature of TGF-β signaling
mechanisms in palate development (Xu et al., 2008). Interestingly, they have shown that
palatal epithelial tissue specific disruption of Smad4 did not adversely affect palatal fusion,
but when both Smad4 and p38 functions are conceded, it resulted in cleft palate. They
propose that p38 and Smad4 are functionally redundant in facilitating TGFβ signaling in
various circumstances during palatogenesis and concluded that the fact that both pathways
are functional in tandem elucidates the intricate nature of TGFβ signaling mechanisms in
palatogenesis. In this study, we explore the mechanisms behind and show that during palatal
EMT, TGFβ3 activates both Smad-dependent and Smad-independent pathways to induce
Snail and SIP1 to promote MES EMT, resulting in complete disintegration of the palatal
seam. Although it has been shown previously that during palatogenesis, PI3 kinase pathway
active (Kang & Svoboda, 2002, Yu et al., 2008), we, however, were not able to see any
activation of PI3 kinase, as demonstrated by no phospho AKT protein expression (Fig. 5K)
or by limited or no effect on E-Cadherin protein (Fig. 1G) expression or gene activity (Fig.
6C) when PI3 kinase was blocked with LY294402.

First, we established that TGFβ3 is expressed in the palatal seam as it is formed at 14.5 dpc
and is highly expressed throughout the full length, unbroken palatal seam (Fig. 1A). We
observed that as the seam began to diminish (Fig. 1B–F), expression of TGFβ3 remained
limited only to the smaller islands of epithelial cells until the seam completely disintegrated
(Fig. 1E) and no TGFβ3 expressing cells were present. Therefore, as the palatal seam
disintegrates and cells undergo EMT, the expression of TGFβ in the seam region also
decreases until it is no longer present (Fig. 1F), indicating that TGFβ3 may play a role in
seam disintegration and the acquisition of a mesenchymal phenotype. We were also able to
demonstrate an association between the expression of E-Cadherin and TGFβ3 signaling
pathways. MES cells treated with TGFβ3 showed low E-Cadherin protein levels, but when
both the Smad-dependent and Smad-independent pathways were blocked, expression of E-
Cadherin was restored even in the presence of TGFβ3 (Fig. 1G). These results support the
notion that during palatal EMT, TGFβ3 uses Smad-dependent and Smad-independent
pathways (sans PI3K) to reduce E-Cadherin protein levels.

We also observed that the E-Cadherin expression level was reduced by TGFβ3 during
palatal development in addition to other epithelial markers such as Desmoplakin and ZO1.
At the same time, key mesenchymal proteins, such as Vimentin, Fibronectin, and N-
Cadherin were induced following TGFβ3 treatments (Figs. 2, 3 and Suppl. Fig. 2). These
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results support that premise of functional EMT, whereby palatal cells lose expression of
epithelial adhesion proteins and become isolated. At that stage, increased expression of
mesenchymal proteins cause these isolated cells to become motile and migratory (Figs. 4A,
B, and C). Subsequently, this phenotypic transition initiates the EMT processes involved in
palate development.

We established that in response to TGFβ3, both Smad-dependent and Smad-independent
pathways are active in palatal seam cells (Fig. 5). Translocation of Smad4, from the
cytoplasm to the nucleus, is an indication of an activated Smad pathway (Abdollah et al.,
1997). In our study, we showed the presence of phosphorylated Smad2 and Smad4 in the
cytoplasm and nucleus following treatment with TGFβ3 as evidence of the Smad-dependent
pathway being activated (Figs. 5A and B). Whereas in the absence of TGFβ3, Smad2
remains in the cytoplasm, is not phosphorylated and cellular morphology remains epithelial
(Fig. 5C and D). Interestingly, TGFβ3 also activated Smad-independent pathways by
phosphorylating p38MAPK, MEK1/2, and ERK1/2 (but not AKT). These results indicate
that both Smad-dependent and Smad-independent pathways are functional during palatal
EMT. TGFβ3 is highly expressed in the palatal seam region immediately upon seam
formation and its expression is sustained until the seam is completely disintegrated. TGFβ3
expression coincides with expression of Snail, a gene crucial to the process of EMT. This
suggests that TGFβ3 and Snail are expressed simultaneously during seam formation, thus
making Snail a potential TGFβ3-influenced target, thereby regulating EMT (Martinez-
Alvarez et al., 2004, Pungchanchaikul et al., 2005). In this study, we intended to explore the
multiple pathways that TGFβ3 activates to induce EMT related transcription factors (e.g.,
Snail and SIP1) to promote cell migration. These transcription factors have been shown to
be regulators of EMT during palatal development. Our results are in accord with previous
findings, as TGFβ3 has been shown to be expressed only in MES at the time of fusion and
completely absent in MES cells before adhesion (Kaartinen et al., 1997, Martinez-Alvarez et
al., 2004, Martinez-Alvarez et al., 2000). TGFβ3 expression in MES also results in
downregulation of E-Cadherin expression, which is a major feature of EMT (Batlle et al.,
2000, Cano et al., 2000). While the expression of these EMT related transcription factors
have been associated with palatal EMT, in this study we demonstrate that the inhibition of
TGFβ3 Smad-independent pathways resulted in deactivation of these transcription factors
while blocking the Smad pathway had no effect. Therefore, we conclude that the Snail and
SIP1 transcription factors are activated through TGFβ3 Smad-independent pathways during
palatal development, but not via PI3 Kinase (Fig. 5L).

Downregulation of E-Cadherin is one of the most common molecular changes associated
with EMT during palatal development. In our study, we performed experiments to
investigate the mechanisms of activation of transcription factors through multiple TGFβ
pathways and how these transcription factors bind to the E-cadherin promoter (Fig. 6A). We
found that Smad4 (activated by the Smad-dependent pathway) and Snail and SIP1 (activated
by Smad-independent pathways) interact with the E-pal and E-box sites of the E-Cadherin
promoter (Fig. 6B). Interestingly, upon TGFβ3 treatment, the E-pal site harbors Snail-SIP1
and Smad4 whereas the E-box site harbors SIP1 and Smad4, but not Snail. It is therefore
likely that these transcription factors would affect E-Cadherin gene activity.

We showed, by luciferase assay, that E-Cadherin promoter activity is significantly repressed
in response to TGFβ3, in a dose dependent manner (Fig. 6C); similar findings with other
TGFβ isoforms were shown in cancer and developmental systems (Lee et al., 2006). E-
Cadherin is known to be regulated by many EMT related transcription factors, and several of
these transcription factors are activated by TGFβ signaling (Peinado et al., 2007).
Accordingly, our findings show that TGFβ3 pathways repress the expression of E-Cadherin
and also activate the Snail and SIP1 transcription factors. We also discovered these

Jalali et al. Page 12

Dev Growth Differ. Author manuscript; available in PMC 2013 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



transcription factors bind to specific binding sites on E-Cadherin to repress its expression,
resulting in subsequent execution of the EMT program. There have been several studies
analyzing the sequences of these binding sites (Snail and SIP1) of the E-Cadherin promoter,
which led to the identification of E-box and E-pal binding sites (Nawshad et al., 2007,
Peinado et al., 2007). In this study, we investigated the importance of the E-pal and E-box
binding sites on the E-Cadherin promoter in relation to their respective transcription factors
in response to TGFβ3 signaling. We were able to establish that E-Cadherin promoter
activity remained de-repressed in response to TGFβ3 when both E-pal and E-box sites were
mutated. And we also established that such repression of E-Cadhetin gene activity is
facilitated by using both Smad dependent and Smad independent pathways (except PI3
kinase) Therefore, the E-pal and E-box binding sites of the E-Cadherin promoter play an
essential role in the downregulation of E-Cadherin in response to TGFβ3 signaling during
EMT palatal development (Fig. 6C).

Conclusions
Disappearance of palate medial-edge epithelium during craniofacial development is a topic
of much controversy. Whereas most of the early work in this field has provided evidence for
EMT, others have suggested that apoptosis or cell migration may be the major fate of the
MEE with valid and convincing data (Nawshad, 2008). Recently, we have proposed that a
combination of both EMT and apoptosis function chronologically to ensure complete
disintegration of the palatal seam (Ahmed et al., 2007). The purpose of our work was not to
provide further support for in vivo EMT, but rather, to establish the importance of Smad-
dependent and -independent pathways that result in Snail and SIP1 activation. Surprisingly,
these EMT related transcription factors (Snail and SIP1) were regulated by Smad-
independent pathways, rather than the commonly believed Smad pathways. This work
provides a foundation to isolate differences between Smad-mediated Smad4 activation and
Smad-independent Snail and SIP1 activation, by pathways that eventually cooperate forming
complexes to bind to the E-Cadherin promoter to repress its expression and activity. The
unique mechanism of cell adhesion loss described here will provide new insight into EMT in
other systems of embryonic development and pathology.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Expression of TGFβ3 and E-Cadherin as palatal seam disintegrates
Immunofluorescence protein expression assay was performed at different stages of palate
development in vivo. Palates were collected at different stages (14.0, 14.5, 15, 15.5, 16 and
16.5 dpc) from murine CF1 pregnant mice. (A) At 14.0 dpc, TGFβ3 was highly expressed in
the approaching opposite palates (A) as well as newly formed full length seam epithelial
cells at 14.5 dpc (B). Fifteen and 15.5 dpc (C & D), the expression of TGFβ3 was reduced
as seam epithelial cells broke into small islands. (E) By 16.0 dpc, the seam was significantly
disintegrated; only one or two epithelial islands show TGFβ3 expression. (F) By 16.5 dpc,
when the epithelial seam is completely disintegrated, no epithelial seam remained to express
TGFβ3. (G) MES cells were treated with a Smad inhibitor (pRetrosuper-shRNA Smad4) for
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48 hours, as well as small synthetic chemical inhibitors – SB202190 (20µM), an inhibitor of
p38MAPK; U0126 (20µM), an inhibitor of MEK1/2 and LY294002 (20µM), an inhibitor of
PI3 Kinase for 60 min. Following these treatments, exogenous recombinant TGFβ3 (5ng/
mL) was added for another 24 h in the presence of these inhibitors. The results demonstrate
that MES cells treated with exogenous TGFβ3 (5ng/mL) for 24 h had low levels of E-
Cadherin expression. Inhibition of Smad-dependent and Smad-independent signalling
reversed TGFβ3 mediated E-cadherin loss, except PI3 kinase pathway, as seen by the
treatment with LY294002. Inhibiting TGFβ3 signaling with a blocking antibody resulted in
higher expression of E-Cadherin compared to the MES cells treated with only TGFβ3.
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Fig. 2. TGFβ3 regulates E-Cadherin, Fibronectin, Vimentin and N-Cadherin
Single staining immunofluorescence (FITC) protein expression assays were performed on
homogenous MES cells treated with TGFβ3 (5ng/mL) for 24h and 48 h. E-Cadherin (A, B
& C), Desmoplakin (D, E & F), ZO1 (G, H & I) and Keratin 14 (J, K & L) were highly
expressed at the cell membrane of untreated (control, A, D, G & J) MES cells, reduced by
24 h (B, E, H and K), and lost by 48 h of TGFβ3 treatment (C, F, I and L). Unlike other
three epithelial markers, Keratin 14, however, is expressed in the cell membrane and in the
cytoplasm in untreated cells. And is relocated mostly in the cytoplasm in response to TGFβ3
(24h) before completely repressed by 48h
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Fig. 3. TGFβ3 regulates Desmoplakin, Fibronectin and N-Cadherin
Double staining immunofluorescence protein expression assays were performed on
homogenous MES cells that were treated with TGFβ3 (5ng/mL) for 24 and 48 h. In double
staining, E-Cadherin (A, Rhodamine), Desmoplakin (D, Rhodamine) and ZO1 (G, FITC)
were highly expressed while Fibronectin (A, FITC), N-Cadherin (D, FITC) and Vimentin
(G, Rhodamine) expression were not seen in untreated control cells. As expression of
Fibronectin, Vimentin, and N-Cadherin began to increase, in response TGFβ3 for 24 h (B, E
& H), E-Cadherin, Desmoplakin and ZO1 expressions were reduced and significantly lost
by 48 h (C, F & I), at which stage, Fibronectin, Vimentin, and N-Cadherin were highly
expressed.
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Fig. 4. TGFβ3 facilitates MES cell migration
Cell migration was assessed by scratch wound assays of MES cells and observed by phase
contrast microscopy every 12 hours up to 36 hours after they were scratched. MES cells
became more migratory upon treatment with TGFβ3 (5ng/mL) in a time-dependent manner.
Wounds begin to fill with migratory mesenchymal cells following TGFβ3 treatment for 12
h, and the number of migratory cells increased significantly as they continued to receive
TGFβ3 for up to 36 hours. No migration was observed at 0 h (A). MES cells were also
treated with different doses (2, 5, and 10ng/mL) of TGFβ3 for 24 hours. The results suggest
that the higher doses cause increased cell migration (B).. Cell Motility Assay results show
that only a few cells migrated in control MES cells at 24 h and 48 h, but at the same time
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points a significant number of MES cells migrated to the lower side of the upper chambers
following TGFβ3 treatment, with the most migration observed at 48 h (C). Both TGFβ
treatment (24 and 48 h) groups differed significantly from their respective negative control
(untreated) groups, (p ≤ 0001, as indicated by *).
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Fig. 5. TGFβ3 induces Smad-dependent and Smad-independent pathways in the palatal seam
cells to activate the EMT related transcription factors, Snail and SIP1
Immunofluorescence was performed on homogenous palatal MES cells that were treated
TGFβ3 (5 and 10ng/mL) for 3 h to demonstrate the Smad translocation in response to
TGFβ3. In the presence of 5ng/mL of TGFβ3, pSmad2 and Smad4 are seen in the cytoplasm
and nucleus (A and B respectively). In the absence of TGFβ3, Smad2 (C) remains in the
cytoplasm while pSmad2 (D) is not seen in either nuclei (DAPI) or cytoplasm. MES cells
treated with blocking TGFβ3 antibody for 24 h showed no expression of Smad4 in the
nucleus (E), but only in the cytoplasm (F, DAPI), and there was no change of morphology in
MES cells as they remained epithelial (G). Once the dose of exogenous TGFβ3 was
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increased to 10ng/mL for 3 h, Smad4 completely moved to nucleus (I, DAPI), and no
cytoplasmic expression was observed (H). Immunoblotting analysis of nuclear and
cytoplasmic proteins from untreated MES cells (control) and those treated with TGFβ3
(5ng/mL), demonstrated that Smad4 protein expression was higher in both the cytoplasm
and nucleus compared to its low expression in control cells. However, cells treated with
10ng/mL TGFβ3 showed only nuclear expression of Smad4. MES cells treated with
blocking TGFβ3 antibody showed much higher expression of cytoplasmic Smad4 protein
than nuclear (Fig. J). (K) MES cells were treated with TGFβ3 (5ng/mL) for 15, 30, and 60
min., and protein from these cells was extracted for immunoblotting – control cells were
untreated (UnTr) at 0 (not shown) and 60 min (shown). Results showed phosphorylation of
ERK, p38MAPK and MEK1/2, but not AKT in MES cells treated with 5ng/mL exogenous
TGFβ3. These proteins were not phosphorylated in control, untreated cells harvested at
either 0 (not shown) or 60 min. (L) mRNA was collected from the MES cells treated with
TGFβ3 (5ng/mL) for 0, 12, 24, 36, and 48 h. Some groups of MES cells were treated with a
Smad inhibitor (Smad4 shRNA; shSM4) for 48 h and Smad-independent pathways were
blocked using small synthetic chemical inhibitors – LY294002 to block PI3 Kinase (20µM),
SB202190 for p38MAPK (20µM) and U0126 for MEK1/2 (20µM) – for 60 min. mRNA
expression of Snail and SIP1 transcription factors increased dramatically within 12 h of
TGFβ3 treatment and remained high until 48 hours. When Smad4 was inhibited, mRNA
expression of these transcription factors stayed unaffected compared to 48 h of TGFβ3
treatment. However, Snail and SIP1 mRNA expression was drastically reduced when cells
were treated with inhibitors of the Smad-independent pathways, except for PI3 kinase.
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Fig. 6. Smad4-Snail-SIP1 binds to the promoter of the E-cadherin gene
(A) A schematic diagram of the proposed interaction between the Snail-SIP1-Smad4
transcription complex and the E-Cadherin gene promoter is shown to demonstrate our
hypothesis of transcriptional repression. The transcription initiation site (+1) is indicated by
arrows. Positions of regulatory E-boxes in the E-cadherin promoter (E1–E3) (bound by E-
cadherin repressors) are indicated by grey boxes. E1 and E2 boxes are adjacent in the mouse
promoter, forming the E-pal element (Moreno-Bueno et al., 2009) (B) Binding of the Snail-
SIP1-Smad4 complex to the endogenous loci was confirmed by chromatin
immunoprecipitation. Chromatin was immunoprecipitated with antibodies against IgG
(negative control), Smad4, Snail, SIP1 and β-actin (non-specific control). PCR analysis
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using precipitated DNA showed binding of Snail-SIP1-Smad4 and SIP1-Smad4 to E-pal and
E-box regions respectively, of the E-Cadherin promoter, in response to TGFβ3 (5ng/mL)
treatment for 24 h. No signal was observed from untreated cells and β-Actin was not
detected to interact with these binding sites. (C) Using a wild type (−650- to +95) pGL3-
Lux-E-Cadherin reporter plasmid and three mutant plasmids (mutations on E-Box, E-pal and
both E-box and E-pal), we were able to demonstrate that these binding sites are critical for
E-Cadherin promoter activity. Luciferase assays, performed in MES cells treated with 5 and
10ng/mL TGFβ3 with wild type and mutant plasmids, showed a high level of E-Cadherin
promoter activity in all groups of untreated cells. TGFβ3 (5ng/mL) treatment significantly
reduced E-Cadherin activity in the wild type transfected cells. E-pal and E-box mutations
reversed TGFβ3’s inhibitory effect on promoter activity, with the double mutant
demonstrating the most significant effect. Repression of E-Cadherin gene activity by TGFβ3
can be restored and reversed by blocking both Smad dependent and Smad independent
pathways (MEK1/2 blocked with U0126, p38MAPK blocked with SB202190), except for
the PI3 kinase pathway (blocked with LY294002). Both TGFβ treatment groups differed
significantly from the negative control (untreated and empty vector treated cells) groups, (p
≤ 0001, as indicated by *).
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