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Abstract

Twistl is a bHLH transcription factor that regulates cell proliferation, migration, and differentiation
in embryonic progenitor cell populations and transformed tumor cells. While much is known about
Twistl’s function in a variety of mesenchymal cell types, the role of Twistl in endocardial cushion
cells is unknown. Twistl gain and loss of function experiments were performed in primary chicken
endocardial cushion cells in order to elucidate its role in endocardial cushion development. These
studies indicate that Twistl can induce endocardial cushion cell proliferation as well as promote
endocardial cushion cell migration. Furthermore, Twistl is subject to BMP regulation and can induce
expression of cell migration marker genes including Periostin, Cadherin 11, and Mmp2 while
repressing markers of valve cell differentiation including Aggrecan. Previously, Thx20 has been
implicated in endocardial cushion cell proliferation and differentiation, and in the current study,
Thx20 also promotes cushion cell migration. Twistl can induce Thx20 expression, while Thx20 does
not affect Twistl expression. Taken together, these data indicate a role for Twist1 upstream of Thx20
in promoting cell proliferation and migration and repressing differentiation in endocardial cushion
cells during embryonic development.
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Introduction

Heart valve development is characterized by the activity of complex regulatory pathways,
several of which have also been associated with adult valve disease (Bartram et al., 2001; Cripe
et al., 2004; Garg et al., 2005). The onset of heart valve development is marked by the
appearance of endocardial cushions in the atrioventricular (AV) canal and outflow tract of the
looped heart tube (Armstrong and Bischoff, 2004). Cushion development is initiated by
signaling events originating in the myocardium that cause endocardial cells to undergo an
epithelial to mesenchymal transformation (EMT) and migrate into the intervening cardiac jelly
(Barnett and Desgrosellier, 2003). The resulting endocardial cushions are made up of highly
proliferative, migratory, undifferentiated mesenchymal cells embedded in a loose extracellular
matrix (Armstrong and Bischoff, 2004; Hinton et al., 2006; Lincoln et al., 2006; Person et al.,
2005; Schroeder et al., 2003; Shelton and Yutzey, 2007). As endocardial cushions remodel
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into mature valve leaflets, the valvular interstitial cells become less proliferative, more
compartmentalized into distinct regions of the valve, and more differentiated (Hinton et al.,
2006). In addition, the extracellular matrix of the valves becomes highly organized and
stratified into three distinct layers (Hinton et al., 2006; Lincoln et al., 2006; Rabkin-Aikawa et
al., 2005). While much is known about the events that initiate endocardial cushion
development, relatively little is known about the molecular mechanisms that govern the
transition from primitive endocardial cushions to mature valve leaflets.

Twistl is a basic helix-loop-helix (bHLH) transcription factor that was first identified in
Drosophila as a critical regulator of mesoderm formation (Thisse et al., 1988). Previous studies
have identified roles for Twist1 in migration, differentiation, and proliferation of mesenchymal
cell populations. In Twist deficient mouse models, loss of mTwist results in abnormal limb
development, failure of the neural tube to close, hypoplastic branchial arches, somite
abnormalities, and lethality by embryonic day 11.5 (Chen and Behringer, 1995; O'Rourke et
al., 2002; Soo et al., 2002; Zuniga et al., 2002). Heterozygous hTWIST mutations in human
patients have been linked to Saethre-Chotzen syndrome, a disease characterized by craniofacial
abnormalities, skeletal anomalies, and limb defects (Bourgeois et al., 1998; Reardon and
Winter, 1994; Zackai and Stolle, 1998). In the heart, Twistl is expressed in the mesenchyme
of developing endocardial cushions (Ma et al., 2005). However, the function of Twistl in heart
valve development has not been reported.

Thx20, a T-box transcription factor, is highly expressed in developing endocardial cushions
and continues to be expressed at lower levels in the mature mitral and tricuspid valves
(Plageman and Yutzey, 2004; Shelton and Yutzey, 2007; Stennard et al., 2003; Yamagishi et
al., 2004). Mutant mice with loss of Thx20 function have hypoplastic myocardium, chamber
maturation defects, and are embryonic lethal prior to the onset of endocardial cushion
development (Cai et al., 2005; Singh et al., 2005; Stennard et al., 2005; Takeuchi et al.,
2005). Mutations in human TBX20 are associated with defects in septation, chamber growth,
and valvulogenesis (Kirk et al., 2007). In avian endocardial cushion cells, Thx20 can promote
cell proliferation and N-myc gene expression, as has also been demonstrated in maturing
myocardium (Cai et al., 2005; Shelton and Yutzey, 2007). In addition, Tbx20 can promote an
immature extracellular matrix in developing cushions by inducing the expression of matrix
remodeling enzymes like Mmp9 and Mmp13 and repressing the expression of Aggrecan (Agg)
and Versican (Vers), chondroitin sulfate proteoglycans that mark mature stratified extracellular
matrix (Shelton and Yutzey, 2007). Overall, Thx20 functions to maintain proliferative,
undifferentiated, mesenchymal cushions during valve development.

Endocardial cushions are characterized by highly proliferative mesenchymal cells in a loosely
organized extracellular matrix. Studies performed in chicken and mice show that endocardial
cushion cells are approximately 6 times more proliferative than cells in remodeling valve
leaflets (Hinton et al., 2006; Lincoln et al., 2004). Another hallmark of developing endocardial
cushions is the migratory nature of the mesenchymal cells that make up the cushions. At the
onset of cushion development, endothelial cells transform into migratory mesenchymal cells
by becoming activated and losing cell-cell contact (Eisenberg and Markwald, 1995; Markwald
etal., 1977). A role for Twistl and Thx20 in this aspect of endocardial cushion development
has not been previously demonstrated. However, Twistl promotes cell migration in tumor
metastasis and cranial neural crest cells (Chen and Behringer, 1995; Soo et al., 2002; Yang et
al., 2004), and Thx20 promotes cell migration in cranial motor neuron cell bodies (Song et al.,
2006). Cell migration is facilitated by cell adhesion proteins, matricellular factors, and
remodeling enzymes including Periostin (Postn), Cadherin11 (Cad11), and Matrix
Metalloproteinase 2 (Mmp2). The roles of Twistl in regulating these migration markers or
proliferation and differentiation of endocardial cushion cells have not been reported.
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To investigate the role of Twistl in the transition from endocardial cushion to remodeling
valve, its expression was compared to known markers of cell proliferation, migration, and
maturation in avian endocardial cushions and remodeling valves. Twistl, Tbx20, Cad11,
Postn, and Mmp2 are all expressed at higher levels in endocardial cushions relative to
remodeling valve leaflets. Additionally, a primary chicken endocardial cushion culture system
was used to determine the role of Twistl in cushion cell proliferation and migration. Like
Thx20, Twistl can induce cell proliferation in endocardial cushion cells. Moreover, both
Twistl and Thx20 can promote endocardial cushion cell migration. Furthermore, Twistl can
affect the expression of cell migration and differentiation marker genes including Cad11,
Postn, Mmp2, and Agg. Finally, it was determined that Twist1 can induce the expression of
Thx20, but Thx20 does not affect the expression of Twistl. Taken together, these studies are
consistent with Twistl acting upstream of Thx20 to regulate aspects of endocardial cushion
cell proliferation, migration, and differentiation.

Materials and methods

Chicken embryo collection

Fertilized white leghorn chicken eggs (CBT Farms, MD) were incubated at 38°C under high
humidity. Embryos were collected at Hamburger Hamilton (HH) stages 25 and 36
corresponding to embryonic days 5 and 10, respectively (Hamburger and Hamilton, 1951). For
histology, hearts were dissected in 1x phosphate-buffered saline (PBS) and fixed for 2 h in 4%
paraformaldehyde/PBS. After fixation, embryonic tissue was dehydrated in a graded ethanol/
water series (25%, 50%, 75%, 95%, 100%) and washed in xylene before being embedded in
paraplast (Sigma-Aldrich) for further processing. All animal procedures were approved and
performed in accordance with institutional guidelines.

In situ hybridizations

Chicken Twist1 sequence (753 bp; Genbank accession number NM 204739.1) was amplified
from HH stage 30 wing cDNA using the primers 5’-GCAAGATCCAGACCCTCAAG-3’ and
5’-CTCCTCAGTGGCTCATAGGC-3’. Chicken Thx20 sequence (820 bp; Genbank accession
number AB070544) was amplified from HH stage 20 heart cDNA as previously reported (lio
et al., 2001; Plageman and Yutzey, 2004; Shelton and Yutzey, 2007). Chicken Cadherin 11
sequence (685 bp; Genbank accession number AF055342) was amplified from HH stage 34
heart cDNA using the primers 5-AGAGCTGAAGCACGGGATAA-3" and 5'-
GCTTGTGCCGTGAGAGTGTA-3' Chicken Periostin sequence (1001 bp; Genbank
accession number NM 001030541) was amplified from HH stage 37 heart cDNA using the
primers 5-TAATGCTCTCCACCACCACA-3' and 5'-TCTGCTGGCTTGATGATTTG -3".
Chicken Mmp2 sequence (604 bp; Genbank accession number NM 204420) was amplified
from HH stage 34 heart cDNA using the primers 5’ -TGGAGGAGACTCCCATTTTG- 3’ and
5’ - GGCAGCAACCAAGAAGAGAC- 3.

To ensure identity and specificity, all sequences were amplified by reverse transcriptase
polymerase chain reaction (RT-PCR), subcloned into pGEM T-vector (Promega), and
confirmed by sequencing. For each sequence, digoxigenin (DIG)-labeled antisense RNA
probes were generated as previously reported (Ehrman and Yutzey, 1999; Shelton and Y utzey,
2007) with the following modifications. The Twistl, Cadherin 11, and Mmp2 probes were
synthesized with SP6 polymerase from plasmids linearized with Nco I. The Periostin probe
was synthesized with SP6 polymerase from a plasmid linearized with Sac II. In situ
hybridization of tissue sections was performed as previously described (Shelton and Yutzey,
2007; Somi et al., 2004). Briefly, 14um paraffin embedded chicken heart sections were
mounted on Superfrost Plus microscope slides (Fisher Scientific). Sections were deparaffinized
in xylene, rehydrated through an ethanol/distilled water series, and then rinsed in 1 x PBS.
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Sections were treated with 20pg/ml proteinase K/PBS for 6 min at 37°C. 170ul of 0.5ug/ml
DIG-labeled riboprobe was used to carry out hybridizations at 70°C. Color reactions using
nitroblue tetrazolium/ 5-bromo-4-chloro-3-indolyl phosphate (Roche) were allowed to develop
for 8 h.

RT-PCR analysis of gene expression

Endocardial

Total RNA was isolated from cultures of 12 AV endocardial cushions per experimental group
or 6 chicken AV canals at HH stages 25 and 36 using Trizol reagent, and cDNA was generated
using SuperScript Il as previously described (Shelton and Yutzey, 2007). 1ul cDNA was used
for analysis by quantitative real time RT-PCR (MJ Research Opticon 2). RT-PCR reactions
were performed using 20 pmol of the following primers: Twist1 (170 bp) 5’-
TTCCGAATTTGCCTGTTTTT-3’ and 5’-GTTGGGTGCTTTGCTTTCAT-3’, Cadherin 11
(236 bp) 5’-GTGCCGGAGAGATCAAATGT-3" and 5’-
CCCATGTGTCCTCCCATATC-3’, Periostin (271 bp) 5’-
GTGCTGTCCTGGCTACATGA-3’ and 5’-TGTGGTGGTGGAGAGCATTA-3’, Mmp2
(348 bp) 5’-CATGCGATGGGATTAGAGCA-3" and 5’-
TCATCCTGAGGGGACTCGTAG-3’. The primers used for Thx20, Aggrecan, and GAPDH
have been previously reported (Shelton and Yutzey, 2007). The identity of amplified bands
was confirmed by sequencing. Gene expression levels were quantified as previously reported
(Shelton and Yutzey, 2007), with the following modifications. The PCR reactions were
performed as follows: 95°C, 30 sec; 50°C, 30 sec; 72°C, 30 sec; 35 cycles (Twistl), 95°C, 30
sec; 55°C, 30 sec; 72°C, 30 sec; 35 cycles (Tbx20, Mmp2), 95°C, 30 sec; 60°C, 30 sec; 72°C,
30 sec; 35 cycles (Cad11), and 95°C, 30 sec; 66°C, 30 sec; 72°C, 30 sec; 35 cycles (Postn).
Fluorescence was monitored for each cycle at 72°C and gene expression levels were quantified
based on a threshold cycle of detection for each amplified product calibrated to a standard
curve generated for each primer pair. Each standard curve was generated using HH stage 34
whole heart cDNA and all values were normalized to GAPDH expression. Real time RT-PCR
results represent four independent experiments (n=4) with reactions performed in duplicate.
The calculated fold change in gene expression was determined by dividing the experimental
value by the control value, which was then set to 1. Statistical significance of observed
differences was calculated using a Student’s t-test (P<0.05-0.01).

cushion cell culture

Embryonic chicken hearts were collected at HH stage 25 and pre-fused AV endocardial
cushions were dissected away from the surrounding myocardium using tungsten needles.
Endocardial cushions were dissected and cultured as previously reported (Shelton and Yutzey,
2007). For some experiments, recombinant human BMP2 or recombinant human Noggin was
added to the culture media as previously described (Shelton and Yutzey, 2007). Cell
proliferation was assessed by Bromodeoxyuridine (BrdU) incorporation as previously
described (Shelton and Yutzey, 2007). Briefly, BrdU positive nuclei were identified by
immunohistochemistry using a BrdU detection kit (Zymed). A 1:100 dilution of the BrdU
labeling reagent in culture media was incubated with endocardial cushion cells for 1.5 h prior
to fixation in 70% ethanol for 15 min at 4°C. A biotinylated mouse anti-BrdU primary antibody
was used followed by a streptavadin-peroxidase conjugated secondary antibody and
colorimetric detection with diaminobenzidine (DAB). Cells were then counterstained with
hematoxylin. The percent of proliferating cells was calculated by dividing the number of BrdU-
labeled nuclei by the total number of nuclei per microscopic field. At least 75 cells per field
were counted for each treatment group. Statistical significance of observed differences was
determined by Student’s t-test (P<0.01).
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Recombinant adenovirus

The previously described recombinant adenovirus containing myc-epitope-tagged murine
Twistl (AdTwistl) was generously provided by M. Naski (Reinhold et al., 2006). A
recombinant adenovirus containing the full length coding region of murine Thx20 (AdTbx20)
was generated as previously reported (Plageman and Yutzey, 2004; Shelton and Yutzey,
2007). After 24 h in culture, endocardial cushion cells were infected with 108 plague forming
units of the AdTwist1 virus, AdTbx20 virus, or a control virus that expressed -galactosidase
(Adp-gal) contained in serum free media (1xM199 (Invitrogen)) as previously described
(Shelton and Yutzey, 2007). Infection efficiency was determined to be greater than 90% as
measured by staining with 1mg/ml X-gal(Amresco) following infection with Adp-gal. In
parallel cultures, increased expression of the murine Twistl protein was confirmed with
immunohistochemistry using a Twist1 specific antibody (Sigma) and the murine Tbx20 viral
transcript was confirmed using RT-PCR.

Twistl and Tbx20 siRNA

Two 19 nucleotide RNA duplexes corresponding to the chicken Twist1 sequence (Genbank
accession number NM 204739.1) were designed and generated using BLOCK-iT™ RNAI
Designer (Invitrogen). The Twistl siRNA oligonucleotides 5’-
GCAAGAUCCAGACCCUCAITAT-3’ and 5’-UUGAGGGUCUGGAUCUUGCATdT-3’
and 5’-CCUUCUCGGUGUGGAGAAUITAT-3’ and 5’-
AUUCUCCACACCGAGAAGGATdT-3’ were obtained from Invitrogen. A scrambled
control oligo was also generated with sequence 5’-CCGGUAAUGACACCCAAUUITAT-3’
and 5’-AAUUGGGUGUCAUUACCGGITAT-3’. The two Twist1-specific SIRNAs were
combined and a final sSiRNA concentration of 200nM was used with Lipofectamine 2000
(Invitrogen) to transfect cultured endocardial cushion cells as described by the manufacturer’s
protocol. In addition, a 19 nucleotide RNA duplex corresponding to the chicken Thx20
sequence (Genbank accession number AB070544) was designed and transfected as previously
reported (Shelton and Yutzey, 2007). To measure the transfection efficiency, the BLOCK-iT™
Fluorescent Oligo (Invitrogen) was co-transfected along with siRNA oligos as previously
reported (Shelton and Yutzey, 2007). The percent of positively transfected cells was calculated
by dividing the number of fluorescently labeled nuclei by the number of total nuclei per
microscopic field. The transfection efficiency was consistently greater than 75%. In three
independent experiments (n=3), a total of 10 fields containing at least 75 cells per field were
counted for each treatment group. The loss of Twistl and Tbx20 mRNA expression was
determined using real time RT-PCR, and loss of Twistl and Thx20 protein expression was
confirmed by immunohistochemistry.

Immunohistochemistry

Endocardial cushion cell cultures were fixed with 4% paraformaldehyde/PBS for 30 min,
washed three times in PBS/0.1%Tween 20, and treated with 3% hydrogen peroxide/PBS for
30 min. Immunohistochemistry was performed using ABC peroxidase staining kit (Pierce)
according to the manufacturer’s protocol. A rabbit polyclonal antibody directed against Twistl
(Sigma) was used at a 1:800 dilution in a goat serum/PBS blocking solution (Pierce). A rabbit
polyclonal antibody directed against Thx20 (Orbigen) was used at a 1:200 dilution in blocking
solution. All primary antibodies were incubated overnight at 4°C. Detection of antibody
reactivity was visualized using DAB substrate (Pierce).

Cell Migration Assay

The ability of endocardial cushion cells to migrate was assayed as previously reported (Yang
et al., 2006b), with the following modifications. Embryonic chicken hearts were collected at
HH stage 25, and pre-fused endocardial cushions were dissected away from the surrounding
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myocardium and cultured as previously reported (Shelton and Yutzey, 2007). After 48 h in
culture, the endocardial cushion cells were either infected with adenovirus or transfected with
SiRNA. Cells were incubated at 37°C for an additional 48 h and then treated with 200l
1xtrypsin-EDTA (Invitrogen) for 5 min at 37°C to detach them from the chamber slide. The
cell suspensions were collected and passed through a 25G1 1/2 needle 3 times to break up cell
clusters. Cells from each experimental group were counted using a hemocytometer and
resuspended in supplemented media (10% fetal bovine serum, 1% penicillin/streptomycin,
1xM199 (Invitrogen)) at 1x10° cells/ml suspension. 400pl of each cell suspension was added
to the top chamber of a modified Boyden chamber culture plate insert (12mm diameter, 8um
pores; Millicell) that was placed in a well of a 24 well tissue culture plate (Becton Dickinson)
containing 600l supplemented media. The tissue culture plate was incubated for 4 h at 37°C
after which, cells that did not migrate through the pores of the culture plate insert were removed
using a cotton swab. The remaining cells that did migrate through the pores and were adherent
to the bottom of the insert were fixed in 200% MeOH for 10 min, stained with Giemsa Stain
(Sigma-Aldrich), as described by the manufacturer’s protocol, and rinsed in water. The fold
change in migration was calculated by dividing the number of migrated cells in the
experimental groups by the number of migrated cells in the control group per microscopic field.
The control value was then set to 1. In three independent experiments, a total of 10 fields
containing 20-600 cells, depending on the treatment group, were counted. Significance of
observed differences was determined by applying a Student’s t-test (P<0.01).

Twistl and Thx20 are coordinately expressed with cell migration marker genes in
endocardial cushions and remodeling valves

In situ hybridizations were performed on sectioned embryonic chicken hearts to localize the
expression of Twistl and Thx20 in relation to the cell migration marker genes Cad11, Postn,
and Mmp2 during the stages of endocardial cushion formation (HH stage 25) and valve
remodeling (HH stage 36) in vivo. At HH stage 25, Twistl (Fig. 1A), Tbx20 (Fig. 1C),
Cad11 (Fig. 1E), and Mmp2 (Fig. 11) are expressed throughout the entire endocardial cushion,
while Postn (Fig. 1G) expression is restricted to the ventricular aspect of the endocardial
cushion (arrow) and is absent from the subatrial region of the cushion (star). In addition, Twist1,
Tbx20, and Cad11 expression is also evident in early epicardially derived cells (arrowheads in
Fig. 1A, C, and E). In HH stage 36 remodeling mitral valves, Twistl (Fig. 1B), Tbx20 (Fig.
1D), and Mmp2 (Fig. 1J) are expressed at low levels throughout the valve leaflet. In contrast,
Cad11 (Fig. 1F) expression is reduced and restricted to the distal tips of the valve leaflet
(arrow). In addition, Postn (Fig. 1H) is expressed at the intersection of the valve leaflet and
the myocardium (arrow) with robust expression in the chordae tendineae and papillary muscle
points of insertion (arrowhead). Furthermore, there was differential expression of these genes
in the epicardially derived cells of the mural aspect of the AV junction at HH stage 36. The
expression of Twistl, Thx20, Cad11, and Mmp2 is apparent in this population of fibroblast-
like mesenchymal cells (asterisks in Fig. 1B, D, F, and J), while Postn expression is not (asterisk
in Fig. 1H). Together these studies show that Twist1, Thx20, Cad11, and Mmp2 are expressed
throughout the endocardial cushion, while Postn is more strongly expressed in the ventricular
aspect of cushion. Later in remodeling valves, Twist1, Tbx20, Cad11, and Mmp2 are expressed
at relatively lower levels throughout the valve leaflet. Postn expression is absent from the valve
leaflet but strongly expressed in the intersection of the leaflet and the myocardium as well as
in the chordae tendineae and papillary muscle points of insertion.

Twistl, Tbx20, Cad11, Postn, and Mmp2 expression was further quantified using RNA isolated
from the AV canals of HH stage 25 and HH stage 36 chicken embryos. The expression of these
genes was measured using quantitative real time RT-PCR (Fig. 2). At the endocardial cushion
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stage (HH stage 25), the expression of Twistl is approximately 2-fold higher than at the
remodeling valve stage (HH stage 36). Similarly, the expression of Thx20 and Cad11 is
approximately 3-fold higher in endocardial cushions relative to remodeling valves, while the
expression of Mmpz2 is approximately 2.5-fold higher at HH stage 25 than at HH stage 36. In
contrast, the expression of Postn is 60% higher at the remodeling valve stage compared to the
endocardial cushion stage. This is likely due to increased Postn expression apparent in the
valve supporting structures. However, Postn expression appears to be down-regulated in the
valve leaflets as determined by insitu hybridization (Fig.1H). Taken together, the insitu
hybridization and real time RT-PCR data demonstrate that in vivo, Twistl and Tbx20 are
coordinately expressed at relatively high levels in endocardial cushions with the migration
marker genes Cad11, Postn, and Mmp2. Furthermore, these genes remain coordinately
expressed, but at relatively lower levels in remodeling valve leaflets.

Twistl promotes endocardial cushion cell proliferation

One of the hallmarks of heart valve development is the transition from highly proliferative
endocardial cushions to less proliferative remodeling valves (Hinton et al., 2006; Lincoln et
al., 2004). Twistl has been shown to regulate cell proliferation in skull mesenchyme, somites,
and branchial arches (Ishii et al., 2003; Ota et al., 2004). To determine if Twist1 plays a similar
role in endocardial cushion cell proliferation, Twistl gain and loss of function studies were
performed and cell proliferation was assessed. Primary endocardial cushions free of myocardial
contamination were removed from the AV canals of HH stage 25 chicken embryos and cultured
as previously reported (Shelton and Yutzey, 2007).

To achieve gain of Twistl function, primary endocardial cushion cells were infected with an
adenovirus that expresses murine Twistl (AdTwistl) (Reinhold et al., 2006) or a control
adenovirus that expresses pB-gal (AdB-gal). To achieve endogenous Twist1 loss of function,
Twistl-specific SIRNA was transfected into primary chicken endocardial cushion cells.
Scrambled control siRNA was also transfected in parallel experiments. The transfection
efficiency was determined to be greater than 70% (data not shown). Knockdown of Twistl
protein expression was determined using immunohistochemistry with a Twist1-specific
antibody (Fig. 3A, B, C). Cells transfected with Twist1-specific SiRNA (Fig. 3C) had
significantly reduced nuclear staining compared to cells transfected with the scrambled control
SiRNA (Fig. 3B) or untransfected controls (Fig. 3A), although there were a small number of
positively stained nuclei in the Twistl-specific sSiRNA transfected group (arrows in Fig. 3C).
Additionally, transfection of Twist1-specific SIRNA resulted in a greater than 80% reduction
in Twistl mRNA relative to untransfected and scrambled siRNA controls as determined by
real time RT-PCR (Fig. 3D). These data indicate that primary chicken endocardial cushion
cells can efficiently be transfected with sequence-specific sSiRNA to produce a significant loss
of Twistl function.

Primary endocardial cushion cell cultures were infected with AdTwistl or Adp-gal or
transfected with Twist1-specific sSiRNA in order to determine the role of Twistl in cushion cell
proliferation. The number of cells in the S-phase of the cell cycle was measured by BrdU
incorporation and used as an indicator of proliferation. The baseline percent of BrdU positive
nuclei per total nuclei in control endocardial cushion cells infected with AdB-gal (Fig. 4A) or
untransfected control cells (Fig. 4C) was approximately 20% (Fig. 4E). Cells that were infected
with AdTwistl (Fig. 4B) were significantly more proliferative, with approximately 45% BrdU
positive cells (Fig. 4E). In contrast, cells transfected with Twist1-specific sSiRNA (Fig. 4D)
were significantly less proliferative, with approximately 7% BrdU positive cells (Fig. 4E). No
significant differences in cell survival were observed for any of the experimental groups (data
not shown). Taken together, these data indicate that Twistl can promote endocardial cushion
cell proliferation.
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Thx20 and Twistl promote endocardial cushion cell migration

Because Thx20 and Twistl have both been shown to regulate cell migration in other systems
(Chen and Behringer, 1995; Song et al., 2006; Soo et al., 2002; Yang et al., 2004), their role
in endocardial cushion cell migration was investigated. To determine if Thx20 and Twistl
regulate endocardial cushion cell migration, gain and loss of function experiments were
performed and cell migration was assessed. Cultured endocardial cushion cells were infected
with murine Tbx20 (AdTbx20), AdTwist1, or AdB-gal adenoviruses for gain of function studies
or transfected with Thx20-specific or Twist1-specific sSiRNA for loss of function studies. Equal
numbers of cells were then seeded on the upper chamber of a modified Boyden chamber culture
plate insert containing a porous (8um pores) membrane. Cell migration was assessed 4 hours
later by counting the number of cells that migrated through the pores to the lower chamber of
the insert and were adherent to the membrane. The fold change in the number of cells that
migrated through the membrane was calculated by dividing the number of cells adherent to the
membrane in the lower chamber for each experimental group by the number of cells adherent
to the membrane in the lower chamber for the control group per microscopic field.

Cells infected with AdThx20 (Fig. 5B) were approximately 70% more migratory (Fig. 5G)
than control cells infected with AdB-gal (Fig. 5A). Similarly, cells infected with AdTwistl
(Fig. 5C) were approximately 2 fold more migratory (Fig. 5G) than control cells infected with
Adp-gal (Fig. 5A). In contrast, cells transfected with Tbx20-specific SiRNA (Fig. 5E) or
Twistl-specific sSIRNA (Fig. 5F) were approximately 80% less migratory (Fig. 5G) than
untransfected control cells (Fig. 5D). No apparent differences in cell migration were observed
when untransfected control cells were compared to scrambled siRNA transfected control cells
(data not shown). It should be noted that the length of time these cells were allowed to migrate
(4 h) is significantly shorter than the length of time needed for these cells to undergo cell
division. Therefore, observed differences can be attributed to changes in the ability of these
cells to migrate and not differences in their ability to proliferate. These data are indicative of
roles for Thx20 and Twistl in promoting endocardial cushion cell migration.

Twistl promotes the expression of cell migration genes and inhibits differentiation marker
genes in endocardial cushion cells

Genes involved in regulating aspects of cell migration and extracellular matrix organization
and are coordinately expressed with Twist1 in developing endocardial cushions and are down
regulated in remodeling valves (Fig. 1, Fig 2). The ability of Twist1 to affect the expression
of the migration markers Postn, Cad11, and Mmp2, as well as Agg, an indicator of valve
differentiation, was investigated. Primary endocardial cushion cells were infected with
AdTwistl or AdB-gal for gain of function or transfected with Twist1-specific sSiRNA for loss
of function. The expression of Postn, Cad11l, Mmp2, and Agg was measured by quantitative
real time RT-PCR. The expression of Postn in cells infected with AdTwist1 was approximately
1.5 fold higher relative to cells infected with Adp-gal (Fig. 6A). Conversely, the expression of
Postn in cells transfected with Twist1-specific SIRNA was decreased by approximately 75%
relative to untransfected control cells (Fig. 6A). Similarly, the expression of Cad11 in cells
infected with AdTwistl was approximately 2.3-fold higher relative to cells infected with
Adp-gal (Fig. 6B), while the expression of Cad11 in cells transfected with Twist1-specific
siRNA was decreased approximately 50% relative to untransfected control cells (Fig. 6B).
Additionally, the expression of Mmp2 in cells infected with AdTwistl was approximately 3-
fold higher relative to cells infected with Adp-gal (Fig. 6C). Conversely, the expression of
Mmp2 in cells transfected with Twist1-specific SIRNA was decreased approximately 50%
relative to untransfected control cells (Fig. 6C). Taken together, these data demonstrate that
Twistl can induce the expression of genes associated with cell migration in cultured
endocardial cushion cells.
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In contrast, the expression of Agg in cells infected with AdTwist1 was decreased approximately
75% relative to cells infected with AdB-gal (Fig. 6D), while the expression of Agg in cells
transfected with Twistl-specific sSiRNA was approximately 2.3-fold higher relative to
untransfected control cells (Fig. 6D). This is consistent with a previously published report of
Twistl repressing Agg expression in chondrocytes (Reinhold et al., 2006), and Thx20
repressing Agg in endocardial cushion cells (Shelton and Yutzey, 2007). In addition, Twist1,
like Thx20, can repress the expression of Vers in endocardial cushion cells (data not shown)
(Shelton and Yutzey, 2007). These results demonstrate that Twistl can repress differentiation
and diversified extracellular matrix gene expression in addition to promoting the expression
of genes associated with cell migration.

BMP2 induces Twistl, Cad1ll, Postn, and Mmp2 expression in endocardial cushion cells

BMP2 expression in the AV canal myocardium is essential for endocardial cushion formation
(Maetal., 2005) and BMP2 treatment induces the expression of Tbx20 in endocardial cushion
cells (Shelton and Yutzey, 2007). In order to determine whether BMP2 can affect the expression
of Twistl, primary endocardial cushion cells were cultured with or without the addition of

recombinant human BMP2 or Noggin, a BMP inhibitor. The expression of the cell migration
markers Cad11, Postn, or Mmp2 was also examined in BMP2 or Noggin treated cultures using
quantitative real time RT-PCR. Addition of BMP2 induced the expression of Twistl, Cad11,
Postn, and Mmp2 in endocardial cushion cells (Fig. 7). In contrast, addition of Noggin repressed
the endogenous expression of Twistl, Cad11l, Postn, and Mmp2 below the levels in untreated
control cells. These data taken together with the Twistl gain and loss of function analyses

indicate that BMP2 can induce the expression of Twistl and also can affect the expression of
Cad11, Postn, and Mmp2, which are subject to Twist1 function in endocardial cushion cells.

Twistl promotes Tbx20 expression in endocardial cushion cells

We have shown that Twist1 can regulate endocardial cushion cell proliferation (Fig. 4),
migration (Fig. 5), and differentiation (Fig. 6). Similarly, Thx20 has also been shown to regulate
these processes (Fig. 5) (Shelton and Yutzey, 2007). Because BMP2 can induce both Twistl
and Thx20 in endocardial cushion cells, the hierarchical relationship between Twistl and
Thx20 was examined. Primary endocardial cushion cells were infected with AdTwist1 or
Adp-gal for Twistl gain of function studies or transfected with Twist1-specific SiRNA or
scrambled siRNA for Twistl loss of function studies. The expression of Thx20 was measured
in these cells by quantitative real time RT-PCR. In cells infected with AdTwist1, Tbx20
expression was approximately 3.5 fold higher relative to AdB-gal infected control cells (Fig.
8A). Additionally, in cells transfected with Twist1-specific SIRNA, Thx20 expression was
decreased approximately 75% as compared to scrambled siRNA transfected and untransfected
controls, and was lower than the Thx20 expression level observed in cells transfected with
Thx20-specific SiRNA (Fig. 8A). Interestingly, in situ hybridizations using probes specific for
Tbx20 and Twist1 performed on HH stage 22 and 23 chicken embryos demonstrated that
significant Twistl expression precedes that of Thx20 in the endocardial cushions (data not
shown). Together these data provide evidence for Twistl induction of Thx20 expression in
endocardial cushion cells.

To determine if Thx20 can affect Twist1 expression, primary endocardial cushion cells were
infected with AdThx20 or Adp-gal for Thx20 gain of function studies or transfected with
Thx20-specific sSIRNA or scrambled siRNA for Thx20 loss of function studies. The expression
of Twist1 was measured in these cells by quantitative real time RT-PCR. In cells with increased
or decreased Thx20 function, Twistl expression was not significantly changed relative to the
expression in control cells (Fig. 8B). Taken together, these data indicate that Twist1 is
necessary and sufficient for Tbx20 expression in endocardial cushion cells, while altered Thx20
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function does not affect Twistl mMRNA expression levels in these cells. Therefore, Twistl
appears to be upstream of Thx20 in valve progenitor cells.

Discussion

Gain and loss of function studies were performed to investigate the role of Twist1 in endocardial
cushion cells. Twistl is expressed at relatively higher levels in endocardial cushions relative
to remodeling valves and is responsive to BMP signaling. This expression pattern is similar to
Thx20 expression in endocardial cushions and remodeling valves, and correlates with the
expression of Cad11, Postn, and Mmp2 in these tissues. Furthermore, gain of Twistl function
can induce endocardial cushion cell proliferation and migration and repress cushion
extracellular matrix organization, while loss of Twistl function leads to reduced cell
proliferation and migration and increased cushion matrix maturation. Taken together, a model
for Twistl function in endocardial cushion cells can be generated in which BMP2 induction
of Twistl induces the expression of Thx20. High levels of Twistl and Thx20 in endocardial
cushions can then promote the immature, proliferative, and migratory properties of the cushion
mesenchyme (Fig. 9).

Endocardial cushions cells are more proliferative than the interstitial cells of remodeling valves
(Hinton et al., 2006; Lincoln et al., 2004). In addition, endocardial cushion cells are migratory
and their proper distribution throughout the remodeling valve leaflet is essential for normal
valve development (Hinton et al., 2006). Furthermore, the extracellular matrix of endocardial
cushions is diffuse and unorganized, while the matrix of mature stratified valve leaflets is highly
organized with increased expression of Agg and Vers in remodeling valves (Flanagan and
Pandit, 2003; Hinton et al., 2006; Shelton and Yutzey, 2007). High levels of Twistl in
undifferentiated endocardial cushion cells during the time when they are most proliferative and
migratory is consistent with observed Twistl functions to promote and maintain cell
proliferation and migration, while inhibiting extracellular matrix maturation. Thx20 is also
present in endocardial cushions at this time and functions in a regulatory hierarchy with Twist1
to control endocardial cushion development.

Twistl regulates cell proliferation and migration in other developing mesenchymal cell
populations as well as in transformed cells. In cultured chicken skeletal muscle satellite cells,
Twistl can promote cell proliferation while inhibiting muscle differentiation (Leshem et al.,
2000). Similarly, Twist1 null mice have decreased cell proliferation and viability in somatic
and branchial arch tissues (Ota et al., 2004). Furthermore, Twist1 functions in promoting cell
proliferation in frontal bone skeletogenic mesenchyme (Ishii et al., 2003). Twist1 also plays a
role in cell migration, another characteristic of mesenchymal cells. Studies done in Twist1 null
mice demonstrate that Twist1 is required for proper neural crest cell migration in the developing
forebrain (Soo et al., 2002). Moreover, in cancer cell lines, Twistl can promote cell motility
and can increase the expression of mesenchymal markers such as fibronectin and N-cadherin
(Alexander et al., 2006; Yang et al., 2004). In addition, Twist1 has been shown to play an early
role in tumor metastasis by inducing an epithelial to mesenchymal transition event by directly
inhibiting E-cadherin expression (Yang et al., 2004; Yang et al., 2006a).

While Twistl is involved in maintaining proliferative and migratory endocardial cushion cells
in an immature extracellular matrix, no direct downstream targets of Twistl have been
identified in the heart. In osteoblasts, Twistl can directly activate the Postn promoter by
binding to the bHLH binding consensus E-box site CATGTG (Oshima et al., 2002). Similarly,
we have demonstrated that Twistl can also induce Postn expression in endocardial cushion
cells (Fig. 6A), suggesting that Twistl regulation of Postn is a common feature of osteoblasts
and valve cell lineages. Interestingly, altered Thx20 function had no affect on the expression
of Postn in endocardial cushion cells (data not shown). In addition, Twistl can induce Thx20
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expression in endocardial cushion cells, but it remains to be determined if this is a direct or
indirect interaction. Twistl is co-expressed with several T-box genes in other mesenchymal
tissues such as the developing limbs (Agarwal et al., 2003; O'Rourke et al., 2002; Takeuchi et
al., 1999; Tavares et al., 2001) suggesting that Twist1/T-box interactions may be a shared
developmental pathway. Additionally, we have demonstrated that Twistl can induce Cad1l
expression in endocardial cushion cells (Fig.6B). While it remains to be shown whether this
interaction is direct or indirect, Cad 11 has been shown to promote cell migration in vascular
smooth muscle and human breast cancer cells (Feltes et al., 2002; Monahan et al., 2007) and
other cadherin family members such as N-cadherin and E-cadherin are direct downstream
targets of Twistl (Alexander et al., 2006; Yang et al., 2004). Furthermore, we have shown that
Twistl can repress Agg expression in endocardial cushion cells (Fig. 6D), and this inhibitory
function of Twistl has also been demonstrated in chondrocytes (Reinhold et al., 2006).
Similarly, Tbx20 can repress Agg protein and mRNA expression in endocardial cushion cells
(Shelton and Yutzey, 2007). These studies support Twistl functioning as a high-level
regulatory protein in mesenchymal cell proliferation, migration, and gene expression in a
variety of tissues including endocardial cushions.

Twistl and Thx20 are expressed together in endocardial cushions with other regulators of
mesenchymal cell populations including Msx and Id family members. Twist1 has been shown
to cooperate with the Nk homeobox transcription factor Msx2 to regulate mesenchymal
differentiation and proliferation in the developing frontal bone (Ishii et al., 2003). Msx1 and
Msx2 are also expressed in the AV canal during the stages of endocardial cushion development,
and like Twist1, are subject to BMP regulation (Ma et al., 2005). In addition, it has been
demonstrated that the activity of Twistl is dependent on whether Twistl forms homodimers
or heterodimerizes with E proteins (Connerney et al., 2006). Members of the Id family of helix-
loop-helix proteins lacking a basic DNA binding domain can regulate Twistl function by
binding to E proteins and sequestering them away from potential Twistl binding partners
(Massari and Murre, 2000). In developing cranial sutures, Id levels can modulate Twistl
dimerization and affect Twistl directed regulation of Postn expression (Connerney et al.,
2006). Id family members are also expressed in the developing endocardial cushions (Evans
and O'Brien, 1993; Martinsen et al., 2004) where they could be affecting Twist1 function.
Therefore, it is likely that complex regulation of Twistl interacting proteins and cofactors is
important for endocardial cushion maturation. Further investigations into how Twist1 interacts
with factors including Msx1, Msx2, Id, and possibly T-box proteins are necessary to determine
the molecular mechanisms of Twistl function in endocardial cushions.

Heart valve disease is associated with abnormal extracellular matrix organization and disrupted
valve interstitial cell compartmentalization (Bartram et al., 2001; Hinton et al., 2006; Rabkin
et al., 2001). Loosely organized extracellular matrix and high levels of proliferation and
migration of mesenchymal cells are also features of endocardial cushions, which contain the
valve precursors in the developing embryo. Because Twistl plays a role in cell proliferation,
migration, and matrix organization in endocardial cushions and in other tissues, it is possible
that a misregulation of Twist1 could lead to heart valve disease. Heterozygous hTWIST
mutations in human patients have been linked to Saethre-Chotzen syndrome, a disease
characterized by craniofacial abnormalities, skeletal anomalies, and limb defects (Bourgeois
et al., 1998; Reardon and Winter, 1994; Zackai and Stolle, 1998). However, cardiac defects
have not been reported in Twist null mice or in human patients with a Saethre-Chotzen
syndrome. This could be due to functional redundancy with other Twist isoforms or due to
undetected valve anomalies that do not manifest until later in life. Thus, further studies
examining the expression or reexpression of Twistl in normal and diseased adult valves may
provide insight into the molecular causes and pathogenesis of heart valve disease.
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Figure 1. Twistl and Thx20 are coordinately expressed with cell migration marker genes in
endocardial cushions and remodeling valves

Expression of Twistl, Thx20, Cad11, Postn, and Mmp2 was examined in sectioned HH stage
25 and HH stage 36 chicken hearts. In situ hybridizations show Twistl (A), Thx20 (C),
Cad11 (E), and Mmp2 (1) are expressed throughout the entire endocardial cushion. In addition,
Twistl, Thx20, and Cad11 expression was also detected in early epicardially derived cells
(arrowheads in panel A, C, and E). In contrast, Postn was more strongly expressed in the
ventricular aspect of the cushion near the intreventricular septum (arrow in panel G) and is
absent from the subatrial region of the cushion (star in panel G). In remodeling mitral valves,
Twistl (B), Tbx20 (D), and Mmp2 (J) are expressed weakly throughout the entire valve leaflet
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and in epicardially derived cells (asterisks in panels B, D, and J). In contrast, Cad11 expression
is weak and restricted to the distal tips of the valve (arrow in panel F) but is also expressed in
the epicardially derived cells (asterisk in panel F). Postn is expressed at the intersection of the
valve leaflet and the myocardium (arrow in panel H) with increased expression in the chordae
tendineae and the papillary muscle points of insertion (arrowhead in panel H). In contrast,
Postn expression is absent in epicardially derived cells (asterisk in panel H). EC, endocardial
cushion; MV, mitral valve; IVS, interventricular septum; AS, atrial septum.
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Figure 2. Differential Expression of Twistl, Thx20, and cell migration marker genes during
endocardial cushion and remodeling valve stages

Expression of Twistl, Thx20, Cad11, Postn, and Mmp2 was examined in isolated AV canals
from HH stage 25 or HH stage 36 chicken embryos using real time RT-PCR. The expression
of Twistl, Thx20, Cad11, and Mmp2 was decreased at HH stage 36 compared to the expression
at HH stage 25. In contrast, the expression of Postn was increased at HH stage 36 compared
to the expression at HH stage 25 consistent with increased expression in valve supporting
structures. These data are representative of 4 independent real time RT-PCR experiments
performed in duplicate (n=4). Statistical significance of observed differences between gene
expression levels at HH stage 25 and HH stage 36 is indicated by an asterisk (P<0.05) and error
bars represent standard error of the mean.
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Figure 3. Twistl-specific sSIRNA transfected into primary chicken endocardial cushion cells results
in decreased Twistl protein and mRNA expression

Twistl protein expression was examined by immunohistochemistry with an antibody specific
for Twistl in parallel cultures of sSiRNA-transfected cells (A—C). Cells transfected with Twist1-
specific sSiRNA (C) had significantly reduced nuclear staining (arrowheads) compared to
controls (A, B, arrows indicate Twistl immunopositive cells). In Twistl-specific SIRNA
transfected cultures, a small subset of cells remained Twist1 positive (arrows in panel C).
Twistl mRNA expression was quantified using real time RT-PCR (D). Cells transfected with
Twistl-specific SIRNA had an 80% reduction in Twistl mRNA relative to untransfected and
scrambled siRNA controls. The asterisk indicates a statistically significant difference from the
control value and error bars represent standard error of the mean (n=3, P<0.01).
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Figure 4. Twistl promotes endocardial cushion cell proliferation

Primary endocardial cushion cells were infected with adenoviruses expressing -gal (Adp-gal)
or Twistl (AdTwistl) for gain of function or transfected with Twist1-specific sSiRNA for loss
of function. Proliferation was measured using immunohistochemistry for BrdU incorporation.
Cells infected with AdTwistl (B) exhibit increased BrdU incorporation compared to control
cells infected with Adp-gal (A) (arrows indicate positively stained cells). Cells transfected with
Twistl-specific sSiRNA (D) have less BrdU reactivity than untransfected control cells (C). The
percent of BrdU positive cells relative to total nuclei in each group is quantified (E). The asterisk
represents a statistically significant difference compared to the Adp-gal control group, while
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the cross represents a statistically significant difference compared to the no siRNA control
group (n=3, P<0.01). Error bars represent standard error of the mean.

Dev Biol. Author manuscript; available in PMC 2009 May 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Shelton and Yutzey Page 21

\.4),.«

Ad'l”mnsh"‘ Sty TWlst*r S|RNA“ ;

G o025
= *
T ,
&= *
o
S1s
o
L
c 14
O
g0.5~
S t
s T
> D N SN o
SO &S &
S B &K > 2 2
X v N P »H &
3 NS
QS

Figure 5. Thx20 and Twistl promote endocardial cushion cell migration

Primary endocardial cushion cells were infected with adenoviruses expressing p-gal (Adp-gal),
Thx20 (AdThx20), or Twistl (AdTwistl) for gain of function or transfected with Thx20-
specific or Twistl-specific SiIRNA for loss of function. Cells were stained with Giemsa Stain
and migration was measured by counting the number of cells that migrated through the pores
(visible in panels A-F) of a modified Boyden chamber membrane. The number of cells
observed on the underside of the membrane was increased in cultures infected with AdTbx20
(B) or AdTwistl (C) as compared to control cultures infected with Adp-gal (A). In addition,
the number of cells observed on the underside of the membrane was decreased in cultures
transfected with Thx20-specific SiRNA (E) or Twistl-specific sSiRNA (F) as compared to
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untransfected control cultures (D). The fold change in the number of cells that migrated through
the membrane relative to the number of control cells that migrated is quantified (G). Asterisks
represent a statistically significant difference compared to the Adp-gal control group, while
crosses represent a statistically significant difference compared to the no siRNA control group
(n=3, P<0.01). Error bars represent standard error of the mean.
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Figure 6. Altered Twist1 function affects the expression of cell migration and differentiation marker
genes in endocardial cushion cells

Primary endocardial cushion cells were infected with adenoviruses expressing p-gal (Adp-gal)
or Twistl (AdTwistl) for gain of function or transfected with Twist1-specific SiRNA for loss
of function. The expression of Postn, Cad11, and Mmp2, genes associated with cell migration,
and Agg, a gene associated with cushion cell differentiation, was measured by real time RT-
PCR. Cells transfected with Twist1-specific sSiRNA had decreased Postn (A), Cad11l (B), and
Mmp2 (C) expression and increased Agg (D) expression compared to untransfected control
cells. In contrast, cells infected with AdTwistl had increased Postn (A), Cad11l (B), and
Mmp2 (C) expression and decreased Agg (D) expression compared to AdB-gal infected control
cells. Asterisks represent a statistically significant difference compared to the no siRNA control
group (n=4, P<0.01). Error bars represent standard error of the mean.
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Figure 7. BMP2 induces Twistl, Cad11, Postn, and Mmp2 expression in endocardial cushion cells
Endocardial cushion cells were cultured with or without the addition of soluble recombinant
BMP2 or Noggin, a BMP inhibitor. Addition of BMP2 resulted in increased Twistl, Cad11,
Postn, and Mmp2 expression relative to untreated controls, while addition of Noggin attenuated
that response as measured by real time RT-PCR. Asterisks represent a statistically significant
difference compared to untreated control groups (n=4, P<0.01). Error bars represent standard
error of the mean.
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Figure 8. Twistl promotes Thx20 expression in endocardial cushion cells

Primary endocardial cushion cells were infected with adenoviruses expressing p-gal (Adp-gal),
Twistl (AdTwistl), or Tbx20 (AdTbx20) or transfected with a scrambled control SiRNA,
Twistl-specific SIRNA, or Thx20-specific SiIRNA. Real time RT-PCR was used to measure
the expression of Tbx20 and Twist1 on each experimental group. Cells infected with AdTwistl
had increased Thx20 expression relative to controls, while cells transfected with Twist1-
specific SIRNA had decreased Thx20 expression relative to controls (A). In contrast, cells with
altered Thx20 function showed no significant change in Twist1 expression relative to controls
(B). The asterisk represents a statistically significant difference compared to the Adp-gal
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control group, while the crosses represents a statistically significant difference compared to
the no siRNA control group (n=4, P<0.01). Error bars represent standard error of the mean.
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Figure 9. Model for Twistl function in endocardial cushion cells

BMP2 can induce Twist1 expression, which can promote Thx20 expression. Twistl and Thx20
can then promote endocardial cushion cell proliferation and migration and repress cushion
extracellular matrix organization. High levels of Twistl and Thx20 in endocardial cushions
relative to remodeling valves is consistent with Twist1 and Thx20 functioning to promote and
maintain the proliferative, migratory, and undifferentiated nature of endocardial cushion
mesenchyme.
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